Stable isotope geochemistry of a late Quaternary coral reef sequence, New Guinea : application of high resolution data to palaeoclimatology by Aharon, Paul
  THESES SIS/LIBRARY        TELEPHONE: +61 2 6125 4631 
R.G. MENZIES LIBRARY BUILDING NO:2      FACSIMILE:  +61 2 6125 4063 
THE AUSTRALIAN NATIONAL UNIVERSITY      EMAIL: library.theses@anu.edu.au 
CANBERRA ACT 0200 AUSTRALIA 
 
 
 
 
 
 
 
 
 
 
USE OF THESES 
 
 
This copy is supplied for purposes 
of private study and research only. 
Passages from the thesis may not be  
copied or closely paraphrased without the  
written consent of the author. 
• i 
•jl, 
I 
;II'{ 
• 
' 
' 
' 
@; 
l 
STABLE ISOTOPE GEOCHEMISTRY OF A LATE QUATERNARY CORAL 
REEF SEQUENCE, NEW GUINEA: APPLICATION OF HIGH RESOLUTION 
DATA TO PALAEOCLIMATOLOGY 
., 
PAUL AHARON 
Thesis submitted in partial fulfillment 
of the requirements for the degree of 
Doctor of Philosophy 
at the 
Australian National University 
Canberra, October 1980. 
r 
Except where acknowledged in the text, this thesis 
is the original work of the author • 
.,..-- _ _,_ 
Paul Aharon 
October, 1980 
I 
[ 
4 
' 
I 
. 
~ 
1. 
t 
, 
l 
To the memory of my father, Moshe 
-l 
I 
' 
,. 
, 
l 
CHAPTER 1 
1.1. 
1.2 
1.2 .1 
1. 2. 2 
1.2. 3 
1. 3 
1. 3.1 
1.3. 2 
1.3.3 
1. 3.4 
1.3.5 
1.3.6 
1.3. 7 
1.4 
CHAPTER 2 
2.1 
2.2 
2.2.1 
2.2.2 
2.2.3 
CONTENTS 
INTRODUCTION 
Problems in Palaeoclimatology 
Site characteristics 
Geological setting of materials studied 
Tectonic implications around northeast Huon 
General description of the raised terraces 
Analytical techniques 
Mass spectrometry measurements of 1Bo/ 16o 
and 13c/ 12c ratios using a single collector 
and matched molecular flow leaks 
Reporting of oxygen and carbon isotope data 
in this study· 
Field and laboratory criteria for selecting 
reef material samples 
Collection and preparation of water samples 
for isotopic determinations 
Preparation of carbon dioxide gas for 1Bo;l6o 
and 13c/ 12 c ratio measurements 
Preparation of water samples for lBo/ 160 and 
D/H ratio measurement 
Analytical techniques other than stable 
isotopes used in this study 
A view forward 
NATURE OF THE HUON PENINSULA CORAL REEFS AND 
ITS ENVIRONS 
Introduction 
The geomorphological characteristics of the 
coral reef environment 
Description of the modern coral reef 
morphology along the northeast Huon, New 
Guinea 
The origin of the modern reef 
SuTIIlTlary 
iv 
1 
2 
6 
7 
10 
12 
13 
22 
25 
28 
29 
29 
30 
30 
32 
32 
32 
34 
40 
40 
l , 
~ 
I 
, 
l 
2.3 
2.3.1 
2.3.2 
2.3.3 
2.3.4 
2.3.S 
2.3.6 
2.4 
2.4.1 
2.4.2 
2.4.3 
CHAPTER 3 
3.1 
3.2 
3.2.1 
3.2.2 
3.2.3 
3.3 
Environmental stresses affecting the 
shallow water reef community along the 
northeast Huon coast, New Guinea 
Seasonality contrasts in terms of 
equatorial atmospheric and oceanic 
circulation 
Rainfall and solar radiation seasonality 
and variation 
Droughts in New Guinea 
Air temperature and humidity 
The tidal regime, sea water temperature 
and salinity 
Comparison of the present data with 
historical records 
A probe for isotopic characterization of 
the environment - Tridacna 
Distribution and habitat of Tridacna 
Tridacna's shell structure and growth 
banding 
Growth rates and lifetimes of Tridacna 
THE DETECTION OF ENVIRONMENTAL PERTURBATIONS 
USING A STABLE ISOTOPE APPROACH 
Introduction 
Variations in relative abundances of the light 
stable isotopes 
Isotope exchange during equilibrium reversible 
reactions 
Isotope fractionation resulting from kinetic 
effects 
Isotope fractionation due to differences 
42 
44 
4S 
48 
so 
so 
SS 
S6 
S6 
S9 
62 
63 
63 
63 
64 
66 
in the vapour pressures of isotopic compounds 67 
Aspects of 180 and 13c distribution in the 
global system 67 
v 
I 
I 
l 
3.3.2 
3.3.3 
3.4 
3. 4 .1 
3.5 
3.6 
CHAPTER 4 
4.1 
4.2 
4.2.l 
4.3 
4.3.1 
4.3.2 
4.3.3 
CHAPTER 5 
5.1 
5.2 
180/ 160 variations 
l3c/ 12 c variations 
Carbon and oxygen isotopes in calcium 
carbonate precipitation 
The isotopic chemistry of the water and 
carbon cycle on the Huon coast, New Guinea 
Diurnal variations in the 1Bo/ 16o and 
l3c/ 12 c ratios of sea water in Sialum lagoon 
Oxygen and carbon isotopes in reefs: giant 
clams and corals 
Detailed testing of the Tridacna probe: 
Seasonal variations 
NATURE OF THE UPLIFTED LOWEST REEF COMPLEXES 
ALONG NORTHEAST HUON PENINSULA 
Introduction 
The sampling sections on the emerged reef 
terraces in the study area 
Description of sections and stratigraphic 
units 
The genesis of the uplifted reef terraces 
in light of the current models 
Reef terrace formation and relative sea-
level movements 
Chronology of late Quaternary high sea-
level stands 
Patterns of sea-level deduced from 
separation of tectonic and eustatic effects 
PALAEOCLIMATIC RECORD OF THE LATE QUATERNARY 
CORAL REEF TERRACES IN NEW GUINEA: STABLE 
ISOTOPE INVESTIGATIONS 
Introduction 
Reconstruction of the oxygen and carbon 
isotope records 
vi 
70 
71 
72 
75 
78 
81 
86 
97 
97 
97 
98 
108 
110 
111 
115 
117 
117 
117 
l 
r !"-
~ 
I 
'' i 
~ 
5.2.1 
5.2,2 
5.2.3 
5.3 
5.3.1 
5.3.2 
5.4 
5.4.1 
5.4 .2 
5.5 
CHAPTER 6 
6.1 
6.2 
6.2.1 
6.2.2 
Evaluation of the stable isotope data 
according to their stratigraphic-unit 
association 
A refined evaluation of stable isotope 
data according to their reef-facies 
geometry association 
Reconstructed oxygen and carbon isotope 
curves for the last 10 5 years: a 
discussion 
Translation of oxygen isotope data from 
the uplifted coral reefs in terms of 
palaeoclimatic factors 
Estimate of the glacio-eustatic factor 
incorporated in the o18o records 
Computations of palaeoclimatic data from 
coral reefs in New Guinea 
High resolution isotope seasonality from 
interglacials and interstadials 
Quantitative analyses of seasonal 
fluctuations during the late Quaternary 
reef-building episodes 
Discussion 
Problems of documenting global climatic 
variations for the last 10 5 years 
DISCUSSION AND CONCLUSIONS I 
THE NATURE OF CLIMATIC VARIATIONS DURING 
THE LAST 105 YEARS: A REGIONAL AND GLOBAL 
118 
121 
131 
135 
136 
142 
144 
149 
151 
154 
PERSPECTIVE 163 
Introduction 163 
Current theories concerning the causes of 
climatic change during the late Quaternary 164 
Possible causes of recorded climatic changes 165 
Milankovitch astronomical theory of ice-ages 166 
vii 
6.2.3 
6.2.4 
6.2.5 
6.3 
6.3.1 
6.3.2 
6.4 
6.4.1 
6.4.2 
6.4.3 
6.4.4 
CHAPTER 7 
,. 
7.1 
7.2 
7.3 
f 
Variations in ground-level solar intensity 
as a cause of glaciation 
The Antarctic-surge theory of ice-ages 
Alternation of state in atmospheric and 
oceanic circulation 
Implications of palaeoclimatic data from 
the raised coral reefs in New Guinea 
concerning the theories of climatic change: 
a discussion 
Inquiry into the initiation of an ice-age: 
the last interglacial-glacial transition 
Aspects of the astronomical theory of ice-
ages that are subject to verification in 
the palaeoclimatic record from New Guinea 
The isotope record from New Guinea and its 
bearing on the late Quaternary atmospheric 
and oceanographic developments in the 
western equatorial Pacific 
The last interglacial episode (140-120 kyr) 
The early Wisconsinan warm interstadials 
(105-85 kyr) 
The mid to late Wisconsinan cold inter-
stadials (60-28 kyr) 
The mid-Holocene (8-6~5 kyr) 
DISCUSSION AND CONCLUSIONS II 
o13c VARIATIONS DURING THE LAST 105 YEARS 
AND THE CARBON CYCLE 
Introduction 
Palaeoindicators of ocean-atmosphere C02 
chemistry changes in the last 105 years 
Constraints on possible causes of the 
global carbon changes between glacial and 
interglacial times 
viii 
169 
170 
171 
172 
173 
178 
184 
186 
187 
187 
189 
191 
191 
192 
199 
7.3.l 
7.4 
CHAPTER 8 
8. 1 
8.2 
PLATES I to VIII 
APPENDIX A 
APPENDIX B 
APPENDIX C 
APPENDIX D 
REFERENCES 
AMENDMENTS 
Models accounting for the carbon 
isotope changes between glacial and 
interglacial 
Lead-Lag phenomena and the chronology 
of ocean chemistry changes 
SUMMARY 
General conclusions of this study 
Aspects of geochemical studies in coral 
reefs that are subject to future research 
and verification 
Description of working standards used 
during this study 
Statistical evaluation of stable isotope 
data 
Explantory notes 
Explantory notes 
ix 
199 
208 
211 
211 
215 
218 
226 
228 
231 
239 
241 
back cover 
; 
l 
x 
PREFACE 
The work in New Guinea, on which this study is based, was commenced 
in October 1976 as a joint venture between the Department of Geography and 
the Research School of Earth Sciences. At that time, I had recently joined 
the Australian National University as a Ph.D. Scholar, supported by an A.N.U. 
Scholarship. Previously I was employed by the Department of Geology at the 
Hebrew University of Jerusalem. 
Confronted in Canberra with the reality of a desk as the only useable 
component of a stable isotope laboratory, the task in front of me looked as 
if it were insurmountable. However, each step accomplished evidenced a clear 
trend of progress. Firstly, the C02 extraction line and the auxiliaries 
became operational. Secondly, the mass spectrometer started behaving itself 
and finally "accepted" the modifications introduced. The technical effort 
was replaced by a geological one when I departed for field work on the coral 
terraces in New Guinea. Great excitement started when the samples brought 
back from the field were processed in the laboratory. It was a delightful 
pleasure to see the results. Each number, telling its own story. 
There have been some, more than others, who have provided support 
and to those persons I am deeply grateful. I wish to thank Dr J. Chappell 
and Dr W. Compston for their supervisorship. Dr Chappell introduced me to 
the geology of the Huon reefs and spent two weeks with me in the field. The 
project and myself benefited from numerous discussions we have had on the 
various aspects of the project. Dr Compston shared with me many "secrets" 
of the mass spectrometry which are not yet written in the text books. 
Great appreciation goes to Dr P. Cook, Dr J. Richards and Mr H. Polach 
who provided assistance and encouragement during various stages of this study. 
The nature of such a complex project requires an excellent technical 
backup. The technical aspects of this study could not have been accomplished 
without the skilful help of Mr D. Burmann, Mr D. Millar, Ms. R. Maier, 
Mr Z. Roksandic and Mr R. Rudowski. Mr T. McGee was always on the spot when 
electronic problems developed. 
Warm thanks to members of the Institute of Nuclear Sciences, 
Wellington, who shared their experience in stable isotopes during my stay 
there in May, 1979. Dr P. Blattner analysed the A.N.U. working reference 
standard and Dr M. Stewart provided the facilities for oxygen and hydrogen 
isotope analyses in water samples. I benefited from discussions I had there 
·-
., 
xi 
with Dr. J. Hulston on various physical chemistry aspects of stable isotopes. 
I am indebted to Dr. A. Berger from the Universit~ Catolique de 
Louvain with whom I had stimulating discussions on the theories of ice-ages 
and who provided the digital data of caloric insolation variations for the 
past 140,000 yr. for the latitude of the Huon reefs. 
The field work was assisted greatly by cooperation of the local 
people of the Tewae subdistrict, Papua New Guinea, in whose villages I lived 
for most of the field time. The people of Kalasa, Gitua and Paukwanga 
villages showed extreme kindness and hospitality during my stay in the area 
and helped break my monotonous diet of rice and stale biscuits. 
I wish to thank heartly those who helped in producing the final 
manuscript, in particular to Ms. V. Lyon for an excellent job with the 
diagrams, Ms. C.B. Neagle for a quick and accurate typing of the manuscript 
and Ms. M. Powell for an impromptu help with the final typing. P. Cook, 
A. Chivas, J. Foster, M. Sandstrom and M. Harrison read some of the early 
versions of the manuscript. The music of Vivaldi provided a delightful 
companionship and a source of inspiration during the small hours of the 
morning. 
Last, but certainly not least, thanks are due to my mother, Riva, 
my wife, Sylvie, and my daughter, Ariela - for so many things. 
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II l?efleding how po1.Jerful an agent with reopect 
~· to denudation, and consequently to the nature and 
.. 
thickness of the deposits in accumulation, the sea 
must ever be, when acting for prolonged periods on 
the land, during either its slow emergence or 
subsidence; reflecting, also, on the final effects 
of these movements in the interchange of land and 
ocean-water, on the climate of the earth, and on the 
distribution of organic beings, I may be permitted 
I to hope, that the conclusions derived from the study of coral-formations, originally attempted merely to 
I explain their peculiar forms, may be thought worthy 
of the a tten ti on of geologists. " 
From "The Structure and Distribution of Coral Reefs" 
Charles Dawin 
I 
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ABSTRACT 
Using physiographic evidence, geologists have endeavoured for a long 
time to employ fossil coral reefs as ancient s.ea-level gauges. A further 
step in this direction has been the production of a numerical chronology 
xiii 
of sea-level changes from reefs, through radiometric dating of corals and 
molluscs that preserve their original mineralogy. Recent oxygen and carbon 
isotope abundance studies in reef material from a sequence of uplifted late 
Quaternary coral reefs on the Huon Peninsula, New Guinea, reported in this 
study, now provide a record of changes in ocean chemistry and temperature. 
The modern and ancient coral reef environments are isotopically 
monitored by the giant clam Tridacna gigas which is associated with the 
coral reefs. 18o;16o measurements in the exoskeleton of the giant clams 
constitute a record of combined temperature and shifts in the oceanic 
oxygen isotope composition induced by Pleistocene ice volume changes. Since 
variations in ice volumes are established by an independent line of evidence 
from the same site (i.e. stratigraphic sea-level data), the temperature 
factor alone can be isolated from the 8180 record. Apart from detecting 
a rapid ocean temperature fluctuation late during the last interglacial 
phase, the palaeotemperature estimates suggest near-interglacial conditions 
following each of the early Wisconsinan glacial stages, and general decline 
of the ocean temperature late during the last ice-age stages. The isotopic 
data also indicate a slow recovery of the ocean temperature to climatic 
optimum levels during the mid-Holocene. 
The fluctuations in surface ocean temperature estimated from the coral 
reef record conflict in magnitude with the palaeotemperature record obtained 
from deep-sea cores in the west equatorial Pacific. However, they support 
the cooling at sea-level inferred from the Late Pleistocene lowering of 
the snow and tree line in the New Guinea Highlands reported by Bowler et al. 
(19 76) . 
Climatic variations during the last 105 years at high latitudes, 
indirectly inferred from the Uuon Peninsula sea-level data, when coupled 
· h 1 d b tl1e ~ 180 data, provi"de the wit tropica ocean temperatures recor ed y u 
essential definition of a sequence of events bearing on ice-age initiation, 
evolution and termination, and allow a critical evaluation of various models 
of ice ages. 
Recorded 813c changes in the coral reefs from New Guinea indicate 
5 
variations in the carbon cycle over the last 10 years. 
distinct positive correlation observed between 813c and 
In addition, the 
8180 records implies 
I 
I 
a coupling between sea water carbon cycle and sea-level (or climate) 
itself. It is concluded that only the formation and destruction of a 
reservoir of organic-rich shelf sediment caused by climatically-induced 
sea-level oscillations (Niitsuma-Broecker model) are consistent with the 
data presented. 
xiv 
Marked skeletal growth bands in Tridacna allow detailed investigation 
of seasonal variations in modern and past marine environments by isotopic 
measurements. In addition to identifying the last interglacial stage 
(reef VIIa) as probably the wettest period, the variations observed in 
seasonal isotopic range indicate that important changes occurred in the 
oceanic and atmospheric circulation late during the last ice-age stages, 
implied by reduced seasonality. 
The separation of local and regional dynamic effects from longer-term 
global changes is an important problem in the coral-reef palaeoclimatic 
record. To verify the conclusions from the Huon Peninsula reefs, it is 
vital to extend the same analytical techniques to other reef sites in the 
tropical Pacific. 
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CHAPTER 1 
INTRODUCTION 
1.1 Problems in Palaeoclimatology 
For more than a century it has been known from a variety of geological 
evidence that the Earth's climate was not always what it is today. It 
has been only in the last decade, however, that significant improveme~ts 
in the new and highly developing science of quantitative palaeoclimatology 
have begun to provide many details of the Earth's cllmatic history whlch 
lend valuable perspective to the understanding of climate dynamics. 
Apart from the scientific interest and obvious curiosity related to 
the nature of climate changes and climatic trends, their practical aspects 
are equally important. Since the early emergence of mankind, climatic 
variation of a broad spectrum of frequencies has played a very significant 
role in his evolution and cultural development. The most dramatic climatic 
changes that have affected man have been the ice-ages during the Quaternary 
Era, which began ~1.8 million years ago and continues today. During this 
period and most particularly during the last few hundred thousand years, 
the polar ice caps have waxed and waned in a complex manner related to 
global scale climatic variations, generating in turn large oscillations in 
the relative sea-level. 
With the revival of general scientific interest in the study of 
climatic change in the last decade, a large number of theories and models 
for the initiation, evolut.ion and termination of glaciations were formulated. 
Theories, however, have limited value if not substantiated by solid evidence. 
Hence, a clear necessity arises for data on the actual climates of the past 
against which to test the prediction of theory. Since the instrumental 
2 
records of the past 10 years provide climatic information covering only 
an insignificant fraction of the Earth's climatic history, the records of 
"palaeoclimatic sensors" must be used to describe the spatial and temporal 
patterns of all but the most recent climatic variations. The most 
promising and recently.widely employed climatic palaeoindicators are stable 
oxygen and carbon isotopes. 
Oxygen and carbon both occur in several isotopic forms. In addition 
16 12 . 18 13 to the common forms, 0 and C, the stable isotopes 0 and C occur at 
. . 18 16 13 12 . low but significant levels. Natural ratios of 0/ 0 and C/ C vary with 
18 16 . position in global oxygen and carbon systems, e.g., 0/ 0 differs between 
· · d 13 ; 12c d"ff b · · d 1 · oceanic water and polar ice, an C i ers etween precipitate ca cium 
1 
'. 
' 
I 
I 
I 
~· 
i 
l 
carbonate and organic matter. Oxygen and carbon isotope variations occur 
in various layered or continuously accumulating materials, including 
inorganic forms such as carbonate speleothems and organic forms such as 
tree rings and molluscan and coral growth bands. These variations occur 
for several reasons, including climatic effects on isotopic fractionation 
ratios. Hence, continuously accumulating materials which contain organic 
or inorganic oxygen and carbon also contain records of past environmental 
changes. 
Over the last two decades, work has concentrated on deciphering 
Pleistocene history of global ice volumes and of oceanic temperature changes 
f 180/160 . . . . . d . f d rom variations in micro-organisms preserve in cores o eep-sea 
sediment (e.g. Emiliani, 1955; Emiliani, 1966; Broecker and van Donk, 
1970; Shackleton and Opdyke, 1973; Kellogg et al., 1978), and more recently 
. 13 12 
on ocean chemistry changes from C/ C variations (Shackleton, 1977). 
Results have contributed greatly to our understanding of the Quaternary 
Era, although temporal resolution in these records is about at the level 
of a 5000 years moving average. More recently, interest has turned towards 
records decipherable at the annual level, especially where direct comparison 
is possible with recorded climatic pattern. Materials of particular 
interest include growth banded corals, molluscs and tree ring sequences. 
Once a correlation is proven between isotopic and environmental variations, 
the prospect is exciting for palaeoclimatology and other studies, because 
tree rings can provide continuous annual records extending back several 
thousand years (Pearman et al., 1976; Yapp and Epstein, 1977), and coral 
reef materials can provide even higher resolution "windows", each of 
several decades length, extending several hundred thousand years into the 
past. 
Although more work has been done on deep-sea sediments (op.cit.) than 
on coral reef materials (e.g. Shackleton and Matthews, 1977; Konishi et al., 
1974; Fairbanks and Matthews, 1978), the present study of a late Quaternary 
coral reef sequence in the Huon Peninsula, New Guinea, shows that reef 
environment histories within the climatic zone of active reef growth can 
be probed with stable isotopes for temperature, ocean surface chemistry 
changes and community factors such as productivity with greater confidence 
and resolution than so far achieved from analyses of deep-sea sediments. 
1. 2 Site characteristics 
New Guinea, by far the largest island occurring within the tropical 
2 
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Figure 1.1 Location of the island of New Guinea in the Pacific 
sector. Also indicated are climatic zones and circulation patt~rns 
of the ocean. (modified after Strakhov, 1978) 
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zone, lies in the equatorial southwest Pacific in a close proximity to 
the Australian continent to the south. It is bordered to the west and 
the east by the Sunda Islands and the Bismarck Archipelago respectively, 
and by the Pacific Ocean to the north (Fig. 1.1). Located on the same 
continental shelf as Australia, New Guinea is situated in an area of 
comple~ interaction between the relatively stable continental platform to 
the south and the geologically active circum-Pacific belt to the northeast. 
The island of New Guinea presents a number of strikingly unusual 
natural features that stimulate the climatological study. On one hand, 
its location in the west equatorial Pacific area ensures warm sea water 
all year round, thereby encouraging the growth and diversity of coral 
reefs along the coastal areas (Whitehouse, 1973). On the other hand, there 
is in the vicinity of the coral reefs a maritime equatorial mountain 
chain, high enough to harbour seasonal snow fields and even small glaciers 
on the highest peaks (e.g. Mt. Jaya, 4884 m; Hope and Peterson, 1975). 
On a seasonal basis, the climatic equator sweeps south and north over 
New Guinea bringing rain from both the northwest Trades (the summer 
monsoon), and from the drier southeast Trades to orographic barriers during 
the winter. The present excess of precipitation over evaporation in most 
parts of the island supports dense tropical rain-forests. 
Although New Guinea lies in latitudes too low to have been directly 
affected by the Quaternary expansions of polar ice, its climatic regime 
was not immune from significant alterations during the ice ages. Fig. 
1.2 illustrates the palaeogeomorphological and palaeoecological changes in 
New Guinea and sourroundings during the late stages of the last ice age 
(25,000 - 15,000 years BP). Firstly, the striking contrast of juxtaposed 
coral reefs and mountains supporting snow and ice fields was further 
accentuated during the late Pleistocene stages,when glaciers occurred on 
all mountain peaks above 3800 m, and the tree-line migrated downslope by 
about 1700 m relative to its present altitude (Hope and Peterson, 1975; 
L8ffler, 1972). Secondly, according to Nix and Kalma (1972), the land area 
south and west of New Guinea was significantly increased by the receding 
glacial .ocean· level, peaking during glacial maxima when New Guinea, 
Australia and Tasmania were physically joined and a vast land area connected 
southeast Asia, Borneo and the Philippines. 
Three particular records in New Guinea offer unusually attractive 
circumstances for studying problems of local, regional and global palaeo-
climatic significance: 
4 
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I 
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Figure 1.2 The island of New Guinea and its surroundings. Stippled 
areas show the land that was exposed during the last glacial maximum 
(Nix and Kalma, 1972). Also indicated is the extent of glaciated areas 
and alpine grasslands on the mountains during the late stages of the 
last ice-age (Hope and Hope, 1976), and the location of raised coral-
reef terraces along the coast (Admiralty Naval Intelligence Division, 
1945). 
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(1) The abundant depositional and erosional evidence of former glaciations 
in the high mountains of New Guinea substantiatied by radiocarbon 
ages for deglaciation and reglaciation, facilitate the reconstruction 
of the atmospheric thermal history during the last 30,000 years, 
because equatorial glaciers wax and wane as a result of global average 
temperature changes (Hope and Peterson, 1975). 
(2) Continuous pollen sequences reaching from beyond the limit of radio-
carbon dating to the present have been recovered from lacustrine 
deposits in the Highlands, and limits of temperature variations and 
vegetation history have been derived from changes in the relative 
abundance of terrestrial pollen types with different temperature 
preferences (Bowler et al., 1976; Walker, 1978). 
( 3) The continuous tectonic uplift along the northeast coast of the 
Huon Peninsula during the Quaternary is responsible for the emergence 
and preservation on land of an entire sequence of coral reef terraces 
generated by palaeosea-level fluctuations (Chappell, 1973a; Chappell, 
1974a). 
The study presented in this thesis, focussed entirely on the terraced 
area along the northeast coast of the Huon, is based upon the writer's 
field observations and samples collected during the field work in the area 
between August-November 1977, and subsequent laboratory geochemical 
investigations. In order formally to indicate the geological context 
against which is set the geochemical study of reef environment histories, 
there follows a brief account of the elements of the regional and local 
geology. 
1. 2.1 Geological setting of materials studied 
The close relationship between physiography and geology in New Guinea 
reflects the youthfulness of the area. Frequent earthquakes and numerous 
active volcanoes testify to the continuing instability. Unlike the 
southern littoral which is still sinking, the northern coast of New 
Guinea and the adjacen~ Bismarck Archipelago are still being actively 
uplifted. Raised 'coral reefs, symptomatic of recent uplift, are indicated 
in Fig. 1.2. They are found discontinuously along the north coast of New 
Guinea, to the southeast of the Sepik delta, bordering Astrolabe Bay and 
on the northeast coast of the Huon Peninsula. The south side of the 
Huon Gulf is subsiding and there is a complete absence of raised coral 
reefs. The coral reef terraces reappear around the shore of Milne Bay 
to the south. 
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The sequence of raised coral reef terraces fringing the northeast 
part of the Huon Peninsula which is the subject of this work, ascends to 
over 700 m above the Vitiaz Strait along a narrow strip between 5 and 10 
km wide parallel to the coast. They are developed for about 85 km and 
can be traced discontinuously for 130 km (see Fig. 1.3). A detailed 
account of the geology of the emerged terraces has been given by Chappell 
(1973a; 1974a) who grouped them temporarily under one rock stratigraphic 
unit "The Gitua Group". The Geological Survey of Papua New Guinea, which 
is responsible for geological mapping of the entire Huon Peninsula, 
named the formation "Wandokai Limestone Unit" (Robinson, 1976) and therefore 
the Survey nomenclature is used throughout this work. 
Chappell (1973a) compiled a detailed geological and structural map 
of the area on a scale of 1: 63,360 and Dunkerley (1976) who studied 
geomorphological and fluvial processes on the terraces, remapped the sequence 
on a scale of 1: 16,000 from aerial photographs commissioned by the 
Australian National University. 
Three rock-stratigraphic units are distinguished in the north Huon 
terraced region (Fig. 1. 3). The younger "Wandokai Limestone Unit" includes 
all rocks building the terraces themselves, whereas rocks of the older 
Song River Calcarenite of Miocene to Pliocene age and the Gowop Limestone 
Formation of lower Miocene age underlie the region as a whole. The 
latter pass unconformably beneath the Wandokai Limestone terraces. Fig. 
1.4 illustrates the geological elements of the northeast Huon Peninsula 
terraces. The area is subdivided by a northwest trending normal fault 
which forms a sharp boundary between the lower coastal zone of raised 
coral reef terraces and deltaic deposits and the high (over 2,700 m), 
deeply-dissected and heavily-forested mountain zone of the Cromwell Ranges. 
The normal fault has dragged the limestone so that it has a dip of ~40° 
to the north near the fault (Robinson, 1976). 
1.2 .2 Tectonic implications around northeast Huon 
The Huon Peninsula is situated within a tectonically active belt in 
the western part of the Solomon Sea. It is bounded in the south by the 
Markham Fault Zone and in the north by the zone of active volcanoes 
beyond the minor trench of the Vitiaz Strait (Fig. 1.3). 
The signs of past and recent tectonic movements on the northeast 
coast are apparent and were recognized and reported as early as 1871 by 
the Russian naturalist N. Mikloucho-Maclay,who was the first explorer to 
study aspects of scientific interest in the area. 
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Figure 1.3 Geology of the Huon Peninsula simplified after Robinson 
(1976). The insert shows the tectonic position of northeast New 
Guinea, after Chappell (1974c), Taylor (1979). 
Figure 1.4 Geological elements of the northeast Huon Peninsula 
terraces and the Cromwell Ranges as viewed from the northwest 
(modified after Robinson, 1976). Note that terrace elevations decrease 
from the southeast to the northwest, e.g. barrier reef VIIb crest dated 
at 120 kyr falls from 330 m near the Tewae River to 120 m near Gitua 
(1 kyr = 1000 years). 
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In one of his numerous articles (Mikloucho-Maclay, 1885), he made 
these statements concerning coastal uplift: 
" Considering the facts, that the elevation of the raised coral 
reefs on different portions of the Maclay-Coast, as well as on 
the Islands of the Archipelago of contented man, presents the same 
level above the sea, and like the layers of the greenish clay 
are, as far as I have observed, horizontal, it appears to me not 
unlikely, that besides the occasional upheavals, there exists a 
gradual steady rising of this part of the North-Eastern Coast of 
New Guinea. " 
Maclay's remarks are speculative: on other segments of the coast the 
terraces are obviously tilted and hence they do not attain the same 
elevation above sea level on different segments along the coast. Never-
theless, his suggestion is provocative and his observations are important, 
in that they are the earliest recognition of neotectonism along the north-
east coast of New Guinea. 
According to Jaques and Robinson (1977), the Huon Peninsula is the 
remnant of an accreted Paleogene island-arc formed at the collision 
between the north-moving Australian plate and the west moving Pacific 
plate, with the possible involvement of subsidiary minor plates (Fig. 1. 3). 
The overall rate of collision has decreased from the Paleogene to the 
Holocene, followed by a change in the direction of the field stress. 
Analyses of the fault pattern on the coral reef terraces led Chappell 
(1974c) to conclude that during the Pleistocene the tectonic movement 
was compressional with a direction northeast-southwest, and the uplift is 
probably the isostatic reaction to underthrusting or attempted under-
thrusting of sialic material. The essential tectonic position of the long 
tract of terraces is that of an elongate block characterized by its own 
pattern of differential uplif~ and separated by a fault zone from the 
rising Cromwell Ranges that bound it to the south (Plate II, E). The 
block is bounded to the north by the minor trench of the Vitiaz Strait, 
below which a rather weakly defined Beniof f Zone dips steeply northward 
(Fig. 1. 3). 
The deepening of the Vitiaz Strait and the formation of the minor 
trench, concomitant with the reduction of detrital material (Song River 
Calcarenite Formation), may have provided the trigger for the extensive 
development of Pleistocene coral reefs along the northeast coast of the 
Huon Peninsula. 
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1.2. 3 General description of the raised terraces 
A close observation of the reef tracts along the northeast coast of 
the Huon Peninsula shows a variety of coral reef complexes, ranging from 
barrier reefs with forereef sediments and associated narrow elongated 
lagoons behind, to steeply graded fringing reefs and bay sediments (Plate 
II). Towards the large rivers in northwest (Wengn River) and southeast 
(Tewae River), the coral reef terraces grade laterally into raised deltaic 
dcpo\>its formed by topset and foreset limestone gravels, via reef 
complexes which were contaminated and restricted in growth by terrigenous 
detritus. 
The dominant lithology of the Wandokai Limestone Unit is a pale 
brown to grey cavernous limestone, with numerous corals and molluscs 
(mainly Tridacna gigas) that preserve their growth orientation (Plate III). 
In general, the terrace surfaces are covered by up to several metres of 
heavy clayey soil and are mantled by grass, locally called kunai. Terrace 
fronts, barrier crests and the walls of the terrace front gullies usually 
consist of outcrops of the reef limestone. Most outcrops are thickly 
bedded,with individual units from 8 to 20 m thick. The outcrops have a 
cavernous appearance and are deeply etched and pitted. The limestone 
material is very sharp and brittle,and hazardous for the climber. The 
limestone is a coarse calcarenite, well bedded and consolidated, the 
algal-foraminiferal-coral fragments comprise the bulk of the reefal 
limestone. In places, this coarse calcarenite passes laterally into 
massive fine-grained micritic limestone. In many cases, the individual 
terrace surface is capped by fluviatile conglomerate that is lithified 
in a brown iron-rich matrix, marking the timing of the uplift above sea 
level of the particular terrace. 
Chappell (1973a, 1974a) recognizes 20 uplifted coral reef terraces on 
the terraced sequence,which can be further subdivided into three groups: 
(1) The lower complex of terraces 
This group of terraces includes seven coral reef complexes from sea 
level landwards, which are the best preserved in the area (Plates I and II). 
The most obvious feature of this group is the well recognised VIIb 
barrier reef which can easily be traced along the coast for 80 km. The 
elevation of this marker varies along the coast from 120 m at Gitua in 
the northwest, to ~330 m at the Tewae River in the southeast. The relative 
elevations of the other terraces vary sympathetically. The lower complex 
of terraces was repeatedly surveyed along 11 traverses by Chappell (Chappell 
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1973a; Bloom et al., 1974), and an extensive dating project was under-
taken by Veeh and Chappell (1970) and Bloom et al. (1974), employing 
230Th/ 234u dating method on in situ fossil corals which had retained 
aragonitic mineralogy. The seaward younger terraces were dated by the 
14c method (Chappell, 1974a; Chappell and Polach, 1976). According to 
the dating results, the terraces pertaining.to the lower complex are 
spaced in between the Holocene reef I dated at 6.5 kyr (1 kyr = 1000 
years), to the last interglacial interval represented by reef complex VII 
(VIIa and b) and dated at 138 to 120 kyr. 
Using the elevation of the individual units and the timing of 
deposition, Chappell (1974a) estimated that the tectonic uplift rates vary 
-1 
systematically along the coast, from around 0.5 mm.yr in the northwest 
-1 part of the study area to around 3 mm.yr in the southeast. Interestingly 
enough, barrier reef and lagoon systems commonly developed in the more 
slowly emerging northwest area, while in the southeast, growth was limited 
to the formation of narrow fringing reefs. 
(2) The middle complex of terraces 
This subdivision includes coral reef complexes from VIII to XII. 
This group of older terraces is more heavily dissected by gullies and 
gorges, and more structurally disturbed by faults than the terraces of the 
lower group (Plate II, C and D). 
Two qualifications are related to this group in confining their 
time of deposition. Firstly, being stratigraphically higher and older 
than the lower complex of terraces, it is more difficult to find suitable 
undisturbed material for dating. Secondly, a more important handicap 
is the fact that most of the terraces are older than the safe working 
limits of the 230Th/ 234u dating method which is 250;000 years. The age 
230 2 34 
estimates for reef complex VIII and IX are given by reliable Th/ U 
determinations at 185.±_5 kyr and 220 to 250 kyr respectively (measurements 
by H.H. Veeh and reported by Chappell, 1974a). The chronology for 
reef complexes X to XII which lies beyond the limits of 230Th/ 234u dating, 
has been estimated by least-squares extrapolation of the radiometric 
ages of the younger reef complexes and by assuming a constant rate of 
-1 
uplift of 1.7 mm.yr at the Sialum section (Dunkerley, 1976). This 
approach gives an age estimate of 340 kyr for reef complex XII. However, 
no dating evidence (such as He/U method - see Bender et al., 1979) has 
yet been obtained to validate this procedure. 
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(3) Undifferentiated higher reefs 
Small, isolated coral reef terraces occur up to an elevation of 
1000 m. As these are higher in elevation and are exposed to almost 
continuous rainfall around the year, the stratigraphic details of these 
terraces are almost completely obscured by the dense tropical forest. 
1.3 Analytical techniques 
Oxygen, carbon and hydrogen isotopes are the principal geochemical 
tools employed in this study, hence in this section emphasis is placed 
on stable isotope techniques. 
Determinations of stable isotope ratios are made with a gas-source 
mass spectrometer, usually from co2 gas. Samples of geochemical interest 
contain oxygen and/or carbon in many different forms of chemical 
combination such as carbonates, water, etc. but techniques have been 
developed to prepare carbon dioxide from virtually any type of starting 
material. 
Since no analytical facilities for stable isotope determinations were 
available within A.N.U. at my arrival in October 1977, a primary task 
was to set-up the groundwork for a stable isotope laboratory, prior to 
the field work in New Guinea and the subsequent geochemical investigations 
of reef material samples. The problems involved in this task may be 
grouped roughly under five headings: 
(i) Setting-up an extraction line for carbon dioxide gas preparation 
and purification from carbonates. 
(ii) Modifying a commercial 12 inch, 90° sector, single-collector 
(iii) 
(iv) 
(v) 
mass spectrometer previously used for Pb isotopic analyses, to 
light stable isotope analyses. 
Developing an analytical mass spectrometry method appropriate to 
the technical constraints imposed by the available mass spectra-
meter components. 
Standardizing the stable isotope techniques and mass production 
of geochemical data. 
Continuous maintenance of the equipment during the period of 
study. 
Although in terms of documentation this topic covers an insignificant 
percentage of the entire dissertation, more than half of the time has been 
devoted to the technical modifications, development and maintenance of 
the foregoing assignments. 
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Two types of geological material were collected in the field and 
subsequently processed for stable isotope analyses: calcium carbonate 
reef material, and water samples. Hence, different sampling procedures 
and preparation techniques were employed, appropriate to the particular 
type of starting material. The field and laboratory criteria for 
selecting samples and the preparation procedures for stable isotope 
analyses prior to mass spectrometry are discussed,and the section ends 
with a brief description of analytical techniques other than stable 
isotop~s that were used during this study. 
1 3 1 M f 18o;16o and 13c; 12c rati·os . . ass spectrometry measurements o 
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(1) Preamble 
Modern mass spectrometers have achieved a high degree of sophistication, 
but the basic principles of design remain little changed from the first 
mass spectrometer developed by A.O. Nier in 1940 at the University of 
Minnesota, with later improvements by McKinney et al. (1950). Absolute 
measurements of isotope ratios can be made only with great difficulty 
whereas for light elements such as oxygen and carbon, differences in 
isotopic composition can be determined easily and with high precision. 
For this reason, the unknown stable isotope ratios in the analysed sample 
are compared on the mass spectrometer with the known ratios of a reference 
standar~ and the isotope data are reported in delta notation as deviations 
from the selected reference: 
where R 
s 
compared 
R - R 
0 s r x 1000 (1.1) R 
r 
= (180/160), (13C/12C) etc. are the isotope ratios of the sample 
to the corresponding ratio R in a reference standard. The 
r 
expression on the right hand side of the equation is multiplied by 1000 
0 
so that the difference is expressed in parts per thousand (I ). 
00 
It will be seen that a change of 1°c in the ambient temperature 
0 18 leads to a change of about 0.23 I in the o 0 of CaC03 deposited in oo 
equilibrium with an aqueous medium, so that to make useful measurements, 
0 
the precision in the measurements of os must be about 0.1 I . Further-
oo 
more, it is desirable to attain this precision with a relatively small 
sample. 
I 
TABLE 1.1 
Technical details and performance of the modified MS-12 
Mass Spectrometer Component 
Magnet 
Accelerating Potential 
Emission Current 
Trap Current 
Electron Voltage 
Filament 
Leak rate (produced by 0.3 mm Hg 
of C02) 
Mass 44 Beam Intensity 
Pressure in the Source area 
Pressure with co2 flowing 
High value resistors 
Overall efficiency of the Source 
Resolving power 
Performance 
Single focusing, 12 inch radius, 
90° sector. 
7.6 kV 
1-2 rnA 
500µA 
80 v 
Tantalum ribbon, 0.08 ohm resistance. 
0.03 std. cc co2 per hour or 25xlo13 
molecules co2 per second. 
3.5 x l0-9A 
2 x 10-8 torr 
10- 7 torr 
109 - 1011 ohm 
4 x 10-5 collected ions per molecule 
1500 
Note that source area, ion chamber and analyser tube are bakeable. 
TABLE 1. 2 
Important isotopic species and abundances for co2 
Species Relative abundance % 
Of Total Of Peak 
12c 160 160 98.426 100 
13c 160 160 1.095 93.3 
12c 170 160 0.079 6.7 
12c 180 160 0.395 "'100 
13c 170 160 9 x 10-4 0.002 
12c 170 170 1.6 x 10-5 0.00004 
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These stringent•requirements are achieved on modern mass spectrometers 
using the following technical solutions: 
(i) Rapidly switching alternately the sample and the reference 
(ii) 
(iii) 
gas into the source. 
Simultaneous co.llection of the ion beams whose ratio is to be 
compared to the ratio in.a standard _gas. 
Viscous flow of the gas through the ~apillary leaks which 
prevents fractionation of the gas as it enters the source. 
Excellent treatments of the principles of mass spectrometry are given 
by Barnard (1953), and Weber and Deines (1971). An alternative approach to 
the more orthodox measurement of small differences in isotope ratios has 
been developed during this study and is published by Aharon et al. (1978) 
and Compston et al. (1980). Its principles are outlined in the following 
paragraphs. 
(2) Analytical details 
A program in stable isotope geochemistry was initiated by adapting 
an A.E.I. MS-12 mass spectrometer which has a single collector and a 1951 
0 
vintage Metropolitan-Vickers gas-handling plant. A precision of 0.05 I 
00 
(standard error for a single analysis) was routinely achieved for both 
13 18 . . 
cS C and cS 0 which is comparable to or better than many orthodox machines, 
although not as good as the best. This paragraph describes the modified 
instrument, the mass spectrometry method, and indicates its advantages and 
disadvantages. 
The technical details and performance of the modified MS-12 are 
given in Table 1.1,wherein the principal features are: 
(i) Use of a commercial, matched molecular flow inlet system with 
(ii) 
(iii) 
two pairs of stainless steel inlet valves. 
Measurement of isotopic ratios using a single collector, by 
rapid, automatic peak switching between two selected mass 
stations (rather than double or triple collection) with 
simultaneous switching between 1011 and 109 ohm input resistors 
on the electrometer, giving full response within 1 second. 
The output of the electrometer is digitized with on-line data 
reduction via a time-shared computer. 
Shackleton (1965) was first to re-examine the possibility of using 
molecular leaks in a gas source mass spectrometer. The molecular flow 
leaks used in this work are sintered tungsten carbide plugs which have 
15 
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~equal flow rates and are matched to better than 3%. Approximately 
equal masses of ~0.8 std.cc co2 at 50 mm Hg pressure are delivered by 
dual mercury "<losers", and subsequently expanded to a pressure of ~0.3 
mm Hg into two matched 2 i reservoirs, from which the gases can be admitted 
to the leaks and the interchange valves which follow (Plate IV, A). Inter-
change is affected by four stainless-steel Nupro valves which do not 
permit any detectable gas-mixing. Mass 44 beam intensities are equalized 
by prior adjustment of the "<losers" such that the faster leak has a slightly 
smaller gas pressure in the 2 i reservoir. Unlike the viscous leak 
arrangement which is the common practice in all commercial mass spectro-
meters, isotope fractionation occurs in reservoir isotopic compositions 
that accompany molecular flow. 
Suppose that the reservoir contains three components of molecular 
weights Ma= 44( 12 c 1602), ~ = 45( 13c 1602) and Mc= 46( 12 c 160 180). 
After the reservoir has been open to the leak, the mass ratio of any 
two components in the fraction of gas left in the reservoir can be described 
by the following expression: 
f 
R 1 
( _i_) B-1 
R 
0 
where f = fraction of gas left in the reservoir at time t i. R 
o,t 
(46/44) or (45/44) at time t = o and t = i respectively. B = separation 
ratio due to molecular fractionation, B = 144/4"6; B = /44/45. Rearranging 
the terms: 
B-1 f and = 
where £f is the isotopic enrichment in the fraction of gas left in the 
reservoir at t = i. £is normally expressed in parts per thousands, o, 
rather than as a fraction of unity. Thus 
3 
£ • 10 f 
Under working conditions U'able 1.1), the rate of co2 flow through 25 lusec 
molecular leaks was determined experimentally at 0.011 std.cc co2 per 20 
minutes, the time required for a complete analysis (see below). 
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For t = 20 minutes: 
f 1 - O.Oll 1 0.989 
and o 46 = + 0.24°/ · f oo' 
0 45 
f 
0 
+ 0.12 I . 
00 
Therefore, after 20 mi.nut es of measurements o may have changed in 
the gas reservoir by+ 0.24°/ and +0.12°/ for 46/44 and 45/44 ratios 
00 00 
respectively, which may be as much as the difference to be measured. 
However, the isotopic enrichment of co 2 due to molecular flow fractionation 
is a regular variation with time and not a random error. This effect is 
well controlled by the following operations: 
(a) Opening both reservoirs to the leaks at the same instant • 
(b) Switching the inlet valves between the source and the waste 
(c) 
line, so that sample and standard flow through their leaks for 
equal periods and suffer fractionation at the same rate. 
A fresh (unfractionated) dose of the working standard is used 
with each sample. 
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Various components of the modified MS-12 are shown in Plate IV. The 
following modifications were implemented in order to offset the apparent 
disadvantage of using a single collector and to improve the mass spectrometer 
performance (the first and second modifications are described in detail 
by Oversby et al., 1970): 
(i) The modified MS-12 was equipped with (hardwired). progrannnable 
magnetic-field stations and automatic switching between any 
two selected fields. The electrometer output was digitized 
through a voltage-to-frequency converter and counter. 
(ii) 
(iii) 
(iv) 
(v) 
Data were reduced by an on-line computer. 
The measurement system was modified to incorporate automatic 
selection of the electrometer input resistors, so that mass 
9 /~4 was mensured using a 10 ohm resistor nnd mnsses 45 nnd 46 
using a 1011 ohm resistor. 
The electrometer (Carry 401) was adjusted for maximum speed 
of response by careful selection of trinnning capacitors across 
each input resistor, so that full response was attained within 
1 second for all resistors. 
The original vacuum pumping system (liquid-nitrogen-trapped oil-
diffusion pumps) was replaced with two 60 ~/sec triode ion pumps. 
This modification improved the vacuum in the source region (see Table 1.1) 
and considerably reduced the background correction (see below). 
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Figure 1. 5 co2 .spectrum and collector resolution for the modifi.ed 
MS-12. Mass 44 equals 3.5 Volt on 109 ohm resistor. 
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Figure 1.6 Example of the type of trace obtained on the recorder. The 
trace represents the last two comparative data sets_ shown by the digital 
output in Fig. 1.7 and by the data in Fig. 1.8. Note that the isotopic 
difference between reference and sample is almost indistinguishable on 
the trace but readily visible on the digital output. 
upper trace mass ratio 45/44 
lower trace mass ratio 46/44 
R reference standard 
s Sample 
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Figure 1.7 Data from a typical isotopic enrichment measurement 
Iii!;'- performed on the modified MS-12. The sets correspond to the last three 
data sets in Fig. 1. 8. 
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(3) Isotope-ratio measurements on the mass spectrometer 
Ratios were measured by the following repeated cycle: 1 second 
integration on mass 44, 1 second delay for switching the magnetic field 
and amplifier response, 1 second integration on mass 45 or mass 46, 1 
second delay to switch back to mass 44 and 1 second repeat integration 
of the mass 44 voltage. The aim was to offset any fluctuations in 
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beam intensity by employing the fastest possible measurement cycle. During 
the peak-switching the magnet current is accurately tuned to the flat-top 
regions of the peak (Fig. 1.5). 
The average of twelve such cycles constituted one ratio measurement 
of either the reference or the sample gas, after which the gases were 
interchanged. One minute is allowed for the new gas to equilibrate 
with the source and to pump out 99.9% of the previous gas. During this 
time, the on-line computer performs the ratio calculations and corrections 
of the digital output. Examples of the type of trace obtained on the 
recorder and its ·digital equivalent are shown in Figs. 1.6 and 1. 7 a and b. 
The coefficient of variation (CVR) for a single cycle was usually between 
0.1 and 0.2°/ and for the mean of 12 cycles lower by lf2 at ~0.04°/ • 
00 00 
Fig. 1.8 illustrates seven comparisons of two co2 gases, in which 
the means of successive sample ratios are divided by the intervening 
reference ratios to obtain individual observations for the measured 
values. The precision observed for the mean 8(45) in 0 Fig. 1.8 (0.02 I ), 
00 
is approximately the value expected from the internal precision for each 
0 0 
ratio (~0.15 / ) , but that of the 8(46) (0.06 / ) is somewhat larger, 
00 00 
probably owing to beam intensity fluctuations. 
(4) Advantages and disadvantages of the present mass spectrometry 
method 
The advantages of the peak-switching, single collector and molecular 
flow inlet system can be summarized by the following points: 
(i) The major advantage is the versatility it provides for different 
gases and isotopes. The same machine can be used without change 
for D/H, C02 or SF6 analyses, which otherwise would require a 
special tube and special collector spacings. 
(ii) This study indicates that orthodox mass spectrometry employing 
a viscous-flow inlet system is not a necessary requirement for 
precise isotope-ratio work and due to molecular flow properties, 
smaller than usual samples that normally have been used in this 
it 
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Figure 1.8 Measurement of mass ratio (e.g. 45/44 and 46/44) versus 
time of analysis, using the peak-switching method. The values on the 
vertical axis are multiplied by the ratio of the input resistors. 
Note that the apparent drift in the ratios is not solely due to 
fractionation by the molecular leaks but must be attributed also to 
the changing properties of the ion source. The reference co2 gas is 
the New Zealand standard TKL whereas the sample is the A.N.U. working 
standard NGS. 
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(iii) 
project can easily be measured. These conclusions are identical 
to the ones reached by Shackleton (1965). 
Measuring directly 46/44 ratio, no further isotopic corrections 
have to be performed in order to calculate the "true" cS 18o 
sample enrichment. Such corrections are essential in double-
collector mass spectrometry which measure the ratio 46/44+45 
(see below). 
(iv) There are a number of places within the mass spectrometer where 
the initial isotope ratio may change. The most conspicuous place 
is the source area where mass discrimination is caused by gas 
flow under molecular-flow conditions. However, the effect of 
this fractionation is in the opposite sense to the fractionation 
through the molecular leaks and henc~ the observed isotope ratios 
are closer to the absolute ratios under molecular flow rather 
than viscous flow inlet system conditions. 
Disadvantages are that each bea.m is measured only 25% of the time and 
that there is no automatic compensation for beam intensity fluctuations. 
The time for a typical experiment with the modified MS-12 (shown in Fig. 
1.8) is ~40 minutes compared to ~20 minutes for double collection and 
~10 minutes for triple collection. Since stable isotope_ projects generally 
require large numbers of samples, an improvement in the time for a single 
analysis is desirable. It is intended in the near future to assemble 
triple collectors on the modified MS-12. 
During the final stages of this project, a VG-Micromass 602-D 
mass spectrometer became available at A.N.U. and samples were analysed 
on both machines. No significant differences in the isotope ratios were 
detected between the instruments on identical C02 gases. In order to 
increase the output, the spot seasonal studies which required 20-30 
analyses per T.gigas specimen were determined on the 602-D instrument 
(double collector) rather than on the modified MS-12. 
1. 3.2 Reporting of oxygen and carbon isotope data in this study 
In order to convert measured isotopic enrichment (cS measured) to 
true isotopic enrichment (cS true), some correction factors are necessary. 
Data reduction can be considered in three steps: 
(1) Correction of the measured difference between the 45/44 and 46/44 
ratios of sample and standard for various instrumental character-
istics. 
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(2) Calculation of delta values with respect to the working standard 
in terms of 13c;12 c and 18o; 16o ratios determined from the 
( 3) 
corrected mass ratios. 
Recalculation of the delta value with respect to some conventional 
reporting standard. 
Steps one, two and three have been discussed in detail by Craig (1957), 
Deines (1970) and Mook and Grootes (1973). In the following, the 
correction factors considered in this study during the analytical work 
are briefly discussed. 
Instrumental corrections stem from random and systematic variations 
in the performance of various mass spectrometer components. Random errors 
due to electronic component noise (such as high value resistors) and 
23 
magnet hysteresis during the peak-switching, tend to limit the reproducibility 
and accuracy with which differences in isotopic composition can be measured. 
On the modified MS-12, the random errors are accounted for by two 
corrections: 
(i) Static Zero: integrates the electronic noise by counting on 
a mass position away from the peak. 
(ii) Dynamic Zero: integrates the magnet hysteresis by counting 
between the static zero and the flat top peak of the mass 
44 which has the highest relative abundance (98.4%). 
The on-line computer automatically subtracts the dynamic zero from 
the small peaks (45, 46) and static zero from the large peak (44) (Fig. l. 7). 
Provided that the values for svstematic errors are small, 
they enter the expression for the isotopic enrichment of the sample 
relative to the standard (o measured) as follows: 
o = [RsR- Rr _+ c4] (measured) 
s 
(1. 2) 
where R is either the ratio 46/44 or the ratio 45/44 in the sample (s) 
and reference standard (r) and c1 2 etc. are the corrections outlined 
' below: 
cl = Instrumental background of co2 which dilutes both sample and 
standard. 
c2 Cross mixing of co 2 sample and standard at the changeover valve. 
c3 Tail contribution from the major isotope peak to the minor 
isotope peak. 
c4 = Zero enrichment value. 
' 
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These corrections, the effects for which they compensate, and the 
procedures to estimate their magnitude can be found in any technical 
manual of stable-isotope mass spectrometry. Corrections c2 and c 3 were 
monitored occasionally and were found to be insignificant (under 0.01°/ ), 
00 
c4 was monitored regularly and the maximum detected zero enrichment was 
0 0.05 I . c 1 was measured at the end of eaGh working day on the mass 00 
spectrometer and it was found that the error associated with this 
correction had a range of 0,001 to 0,0063. The background was normally 
kept at a low level by frequent over-night baking of the source, ion 
chamber and analyser tube areas at 200°C. During a two-year period the 
last term in equation 1.2 averaged 1.002. 
The observed 45/44 and 46/44 ratios do not give exactly the ratios 
13C/12C d 180/160 b 1 . . . 'b an ecause severa isotopic species may contri ute to 
the nominal mass numbers. Hence, correction factors have to be derived 
in order to convert the o (measured) 
the important species that occur for 
to o ( ) . true 
co2 and gives 
against all co2 species and against species of the 
Table 1.2 indicates 
their abundance 
same nominal mass. 
Firstly, a correction factor has to be applied to account for the 
contribution to the mass 45 beam of ions containing 170. 
(1. 3) 
Secondly, using the modified MS-12 with a single collector, no 
further corrections are necessary for o18o (since the instrumental 
precision is about O.OS 0 / , the contributions of 13c 170 160 and 
12 17 17 °0 C 0 0 on mass 46 can be ignored). Hence: 
(1. 4) 
The working reference-gas is from NGS CaC03 (see Appendix A) and is 
stored in a 10 Q, glass cylinder under 3/ 4 of an atmospheric pressure, For 
any sample analysed against NGS, the correction factors A and B have been 
calculated at 1.070 and -0.034 respectively, following Craig's (1957) 
mathematical expressions which relate the 8(45) measured on the mass 
13 
spectrometer to o C. For carbonate materials and in particular in the 
isotopic palaeotemperature field, o13c and o18o are given relative to the 
PDB standard (defined from a Cretaceous belenmite by Epstein et al., 1953) 
which is the co2 prepared from PDB CaC0 3 by reaction with 100% HlO 4 
at 25°c. Since the PDB standard is exhausted, secondary standards are in 
use which have been calibrated against PDB when this was still available. 
24 
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Two internal standards, NGS and PRM, which are 15.3°/ apart in 
00 
6180 compositions, have been introduced during this study and their 
description is given in Appendix A. The two internal standards were 
calibrated against the international standards TKL and NBS-20 and cross-
checked at I.N.S., New Zealand. Since TKL and NBS-20 have been originally 
calibrated against PDR (Craig, 1957), the isotopic measurements in this 
study are converted mathematically so that the isotopic data are referred 
to the PDE scale. The equations are given in Appendix A. 
Statistical treatment of the isotopic data and information on the 
long-term performance of the stable-isotope laboratory are given in 
Appendix B. Overall errors (instrumental + chemical process) are estimated 
to be no greater than +0.1°/ in 6180 and 613c. 
- 00 
1. 3. 3 Field and laboratory criteria for selecting reef material 
samples 
Field observations indicated that of a wide variety of mollusc and 
coral assemblages present on the modern reef, only genus Tridacna (the 
giant clam) and in particular Tridacna gigas species and corals are 
preserved in the reef transition to the fossil stage (see Plate III). 
Hence, the field options for a stable isotope study were narrowed to 
T.gigas and a rich variety of corals. Finally~ the former was preferred 
on account of the following considerations: 
(i) T.gigas heavy valves (50 to 100 kg) are deeply imbedded into 
the reef sediment and are often preserved "in situ" in the 
growth orientation. The more fragile coral material is often 
found fragmented and broken and the probability of "foreign" 
corals from adjacent terraces is high. 
(ii) The corals are more susceptible to diagenetic alteration than 
(iii) 
(iv) 
T.gigas due to their porous corallites. Altho~gh both corals 
and Tridacna originally deposit aragonite which is inherently 
unstable in the fossil stage, Tridacna's massive hinge area 
is generally well preserved and maintains its original 
aragonitic form. 
The living habitat of T.gigas is restricted to the shallow water 
of reef crest and front facies (see Chapter 2). The constancy 
of its habitat makes less difficult the comparison of stable 
isotope compositions from reef terraces separated in time. 
The last but not least important parameter which has influenced 
the decision to choose T.gigas as the monospecific environmental 
25 
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probe rather than corals, was the "vital effects" known to 
induce non-equilibrium stable isotope compositions of coral 
exoskeletons (discussed in detail in Chapter 3). 
For stable isotope comparison purposes, a variety of gastropods and 
pelecypods identified at the genus level were collected from the modern 
and Holocene reef. 
The field criteria used to recognize a representative .1:._gigas sample 
can be summarized as follows. Firstly, a sample in the "growth orientation" 
was recognized by the presence of the two valves found together, attached 
to the reef limestone by a lithified substratum (see Plate III, A and B). 
The most likely place for good specimens was in the gully slopes and on the 
terrace scarps. Secondly, T.gigas samples found in the soil profile on the 
reef crest, backreef and lagoon floor were more weathered and the external 
folds were rounded by dissolution and abrasion. These samples were avoided 
as they could not be proven to be in place, and were much more likely to be 
recrystallized. Thirdly, on a few occasions where the search for whole 
specimens in a growth orientation was unsuccessful, fragmented valves 
lithified into the reef limestone were collected. Ho.wever, for these 
samples the confidence concerning their relation to the reef-time unit is 
lower than for those that were still in their original orientation. 
Samples were broken open on the spot with a hammer and a flat chisel 
and diagenetic alterations of the original aragonite could be identified 
without difficulty because sunlight is normally reflected by calcite 
cleavages. Both micritic and sparitization types of diagenetic alteration 
were observed in the field and heavily affected T.gigas samples were avoided. 
However, in order to follow the migration path of groundwater circulation, 
at specific locations the sampling involved collection of T.gigas as well 
as its lithified reef limestone substrate and the two were subjected to 
petrographic and stable isotope analyses. 
Three major types of post-depositional processes were observed on 
fossil T.gigas shell material using thin sections, binocular examination 
and X-Ray diffraction: 
(i) Alteration of the original metastable aragonitic material 
into a stable low-Mg calcite phase by the activity of various 
external destructive agents. The diagenetic features involved 
are burrowers and algal borers pits, calcitic veins developed 
along points of mechanical weakness, and micritic calcite 
advancement into shell material. These processes normally 
involve disruption of skeletal growth structure. 
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(ii) In situ subtle coarsening of the fine, parallel aragonite 
fibres without affecting the fine, daily growth lines 
(Plate VI, D and E) and the original mineralogy of the 
skeleton. 
(iii) Coarsening and gradual replacement of the aragonite fibres 
by calcite. 
The first type of alteration can be easily accounted for by 
microscopic examination and avoided in sampling. The second type of 
post-depositional process was shown by 14 a C study to remain immune 
from carbon exchange and diagenesis (Chappell and Polach, 1972). X-Ray 
diffraction studies were used to detect the third type of alteration. 
Roughly 10% of the,samples brought back to the laboratory in Canberra 
were rejected on the grounds of extensive alteration of types (i) and 
(iii). The majority of the remaining samples (72 Tridacna and 38 small 
molluscs other than Tridacna) were in an excellent mode of preservation 
and only pure aragonitic material was used for isotopic analyses. 
Two distinct uses were made of T.gigas samples and hence the 
laboratory sampling for stable isotope analyses has been adjusted for 
these two tasks. Firstly, to probe the yearly average isotopic composition 
in the time-stratigraphic units represented by each individual late 
Quaternary coral reef formation. Secondly, to provide within-shell 
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variation by resolving seasonally-based isotopic compositions. Consequently, 
standard laboratory procedures were set up for each of the above assignments 
and separately for the small molluscs other than Tridacna. 
The massive internal hinge area was used for isotopic analysis, 
each specimen being sliced into 3 radial slabs. Each slab, 1 cm thick, 
was studied for diagenetic alterations as described above and a narrow 
strip was cut longitudinally with a diamond dental saw, in order to 
contain the maximum number of seasonal bands. The strip was crushed 
gently in a agate mortar, the powder carefully mixed and analysed by 
X-Ray diffraction to confirm that it was pure aragonite. 
A transverse slab was polished in order to examine Tridacna's 
seasonal growth layers (see Plate VIII) and the criteria to distinguish 
between them followed those described in Chapter 2. Commonly, a large 
thin section was prepared from a companion slab and the limits between 
the growth layers were precisely identified under the microscope. 
Spot samples were drilled out from the growth layers as powders using 
tungsten-carbide burrs of 1-3 mm diameter attached to standard dental 
drilling equipment. The spot drilling was performed along the individual 
I 
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bands in order to obtain a homogeneous sample. Two to three different samples 
were taken along the width of each individual seasonal growth layer. 
Small shells other than Tridacna were cut in half with the diamond saw 
and sampled along the cut faces with standard dental drilling equipment, 
apart from some fresh water gastropods which have a thin (<l mm wall) and 
hence in this case the entire shell was sampl~d. 
1.3.4 Collection and preparation of water samples for isotopic 
determinations 
Meteoric and sea-water samples were collected in the study area during 
August-November 1977. The scope of this sampling was to provide a character-
ization of the water isotopic chemistry in the modern coral reef environment 
along the northeast Huon coast and in the inland fresh-water streams. 
Sampling methods appropriate to the field conditions were employed. Repre-
18 16 
sentative water samples for 0/ 0 and D/H determination were collected in 
duplicate in 100 ml clean glass bottles, the lid tightly sealed and wrapped 
with parafilm around the bottle's neck. Temperatures and pH measurements 
were made in situ and the salinity analyses performed in the laboratory in 
Canberra. 
Several methods exist for collecting water samples in order to determine 
the 13c; 12c ratio of dissolved inorganic carbon (summarized in detail by Tan 
et al., 1973). The. so-called direct-precipitation method was preferred here 
on the following grounds: Firstly, based on a comparative analytical study, 
Gleason et al. (1969) found this method as the most reliable. Secondly, it 
was the most appropriate method for the field conditions under which the 
collection took place. 
The dissolved inorganic carbon in each water sample of 500 ml collected 
in duplicates was fixed by Baco3 precipitation by adding in excess 10 ml of 
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0.4 N Ba(OH) 2 solution, immediately after the water sample recovery. In order 
to minimize atmospheric co2 contamination, the entire operation took several 
seconds. Small amounts of HgC12 were added to each sample to prevent bacterial 
activity. Special care was taken to overflow the bottles so that no air was 
left between the water level and the lid. The water samples were subsequently 
shipped to Canberra and the Baco3 precipitate was filtered and dried under 
an argon atmosphere. The extraction of co2 from the Baco3 was performed in 
the same manner as that for Caco 3 powder, as described in the following section. 
In order to examine the possibility of atmospheric co2 contamination 
during the preparation of water samples in the field, four artificial 
sea-water samples were prepared in the laboratory prior to the field work, 
I 
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and 206 mg of KHC0 3 was added to each sample. Two 500 ml bottles with 
artificial sea-water were taken to the field and processed in a way 
identical to the natural water samples. For the other two left in 
the laboratory, the dissolved carbon was fixed in Baco 3 under the 
argon atmosphere. The precipitates were subsequently dried and analysed 
for o13c using the standard procedure. The.carbon isotope compositions 
of the samples processed in the field and the ones processed in the 
0 laboratory agreed at better than 0.3 I , suggesting a minimum atmospheric 
00 
co 2 contamination during the field fixation of dissolved inorganic carbon. 
1. 3. 5 Preparation of carbon dioxide gas for 18o; 16o and 13c; 12c 
ratio measurement 
The technique used for preparation and purification of carbon 
dioxide for mass spectrometric measurement is essentially that described 
by McCrea (1950). A simple vacuum extraction line pumped by a mercury 
diffusion pump, reaction vessels and sample tubes were "designed, built 
and tested for this purpose (see Plate IV, D, E and F). Prior to the 
co2 extraction, the powders obtained from calcium carbonate material 
(mainly aragonite) were roasted at 400°c for half an hour in vacuum 
'(Plate IV, D) in order to eliminate any isobaric interferences at mass 
46 and 45 arising from traces of organic material (Epstein et al., 1953; 
Weber et al. 1976). Approximately 15 mg of finely powdered CaC0 3 (or 
Baco3 precipitate from water samples) were reacted under vacuum with 
2-3 ml of 100% H3Po 4 and the reacting mixture was kept in the water bath 
at 25°C over night. After the .reaction_ was completed, the reaction vessel 
was again attached to the vacuum line and the evolved co2 was then purified 
through several liquid nitrogen and dry-ice-alcohol traps, its volume 
measured on a mercury manometer, and finally collected in a sample tube, 
ready for the mass spectrometric determination. 
The 100% phosphoric acid was prepared by adding "Analar" P2o5 to 
"Analar" 85% Hlo4 until the specific gravity reached 1.90. 
1. 3.6 Preparation of water samples for 18o;16o and D/H ratio 
measurement 
18 
o 0 and oD analyses in the water were carried out at the Institute 
of Nuclear Sciences, D.S.I.R., New Zealand. oD values on water samples 
were measured on a Micromass 602C mass spectromete~after conversion to 
hydrogen by passage over hot zinc at 395°c. o18o values were determined 
. 18 16 by measuring the 0/ 0 ratios of co 2 in equilibrium with the water 
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sample at 30 C, using a procedure similar to that of Epstein and Mayeda 
(1953). Overall errors are estimated to be no greater than +1°/ in 
0 18 . - 00 
oD and +0.1 I in 0 0. 
- 00 
The samples were measured against INS internal standards (INS-3 and 
INS-4) which were recalibrated against the Vienna standard waters (V-SMOW 
and SLAP) and the results are reported on the SMOW (Standard Mean Ocean 
Water) scale. The relationship between SMOW and PDE scale is given by 
the relation (Friedman and O'Neil, 1977): 
1. 3. 7 
o 
180 (SHOW) l.03086•o 180(PDB) + 30.86 (1. 5) 
Analytical techniques other than stable isotopes used in this 
study 
Measurements of sea-water temperature and salinity were performed 
in situ from a native canoe. They were monitored using a Hamon Salinity-
Temperature bridge connected to a thermistor and a conductivity cell by 
a 15 m cable. The instrument was calibrated according to the manufacturer's 
instructions. Repeated readings showed an instrumental precision of 
+0.1°c and +0.1°/ for temperature and salinity respectively. Apart 
- - 00 
from the daily observations, ten sea-water samples collected during a 
continuous 24 hour profile in Sialum lagoon were stored in tightly 
sealed polyethylene 2 i containers and shipped back to Canberra for further 
chlorinity measurements. The water chlorinity was measured according to 
Mohr-Knudsen titration method (Martin, 1968). The chlorinity values 
were translated in terms of salinity according to Knudsen's relationship: 
1. 4 
So/ 
00 
A view forward 
0.030 + 1.805 (Cl0 / ) 
00 
( 1. 6) 
The geological characteristics of the northeast Huon coral reef 
terraces coupled with the development of analytical tools that are used 
in geochemical investigations of reef material,provide the essential 
elements underlining the research objectives of this dissertation. 
The modus operandi of this study corrunences with an analysis of the 
nature and environment of modern coral reefs along the Huon coast, in 
order to provide a frame of reference for the uplifted fossil coral 
reefs in the study area. The concept of isotopic probes is then intro-
duced. It is demonstrated that amongst the calcifying reef dwellers, 
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the giant clam genus Tridacna is more suitable than corals for the 
isotopic characterization of reef environments (Chapter 2). The 
application of stable isotope techniques to the detection of environ-
mental perturbations in the modern coral reef environment and the 
tracing of their origin is considered in Chapter 3. An oxygen isotope 
thermometer is calibrated from a large number of modern Tridacna 
specimens living in similar reef environments, but from a wide temperature 
range. The relationship between the isotopic composition of Tridacna 
seasonal growth bands with the parental reservoir is then established. 
Discussion continues with the terraces, to consider in detail the sections 
and stratigraphic units sampled for stable isotope investigations. The 
previously successful employment of uplifted coral reef formations as 
sensitive sea-level gauges and geotectonic monitors is reviewed (Chapter 
4) . 
Following the preliminary isotope-curve reconstructions, the timing, 
5 frequency and amplitudes of the climatic events for the past 10 years 
are examined and discussed in detail in Chapter 5. In Chapters 6 and 7 
the implications for late Quaternary climatic variations and ocean 
surface chemistry changes are examined in the light of the multi-element 
palaeoclimatic information extracted from the lower coral reef sequence 
in New Guinea. The notion of hemispheric synchroneity is tested by 
rigorous examination of climatic records from both northern and southern 
hemispheres. Special emphasis is placed on aspects of atmospheric and 
oceanic evolutionary trends in the west equatorial Pacific during the last 
ice age. With the advantage of hindsight, future geochemical studies in 
this most interesting environment, the coral reefs, are outlined (Chapter 
8). 
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CHAPTER 2 
NATURE OF THE HUON PENINSULA CORAL REEFS AND ITS ENVIRONS 
2.1 Introduction 
This chapter describes the nature and environment of modern 
coral reefs along the Huon coast, New Guinea, to provide a frame of 
reference for the uplifted fossil reefs in the study area. As the ultimate 
task of this project is to reconstruct past climatological factors through 
interpretation of stable isotop~s data from reef materials, the basic uni-
formitarian principle in geological sciences, "the present is the key to the 
past'~ will be used. Hence, environmental parameters operating today on the 
coral reefs have to be translated in quantitative terms into isotopic 
compositions which can be used equally successfully in retrieving information 
on the past climate preservetl in the old terraces. Because environmental 
parameters vary from one part of a reef to another, especially with distance 
from river mouths, it is important to identify physical and broad ecological 
zones in the modern and in the ancient reefs. 
Following the description of the modern Huon reefs, the concept of 
isotopic probes is introduced. Amongst the calcifying reef organisms, the 
giant clams Tridacna sp. are more suitable than corals themselves as the 
basis for isotopic characterization of reef environments. -The chapter 
concludes with an account of Tridacna and its habitat on the Huon reefs. 
2.2 The geomorphological characteristics of the coral reef 
environment 
Coral reefs are constructional physiographic features of tropical seas, 
consisting of a rigid calcareous framework made up mainly of the interlocked 
and encrusted exoskeletons of reef-building (hermatypic) corals and calcareous 
algae. Coral reefs are scattered over a vast area of the tropical Indo-
Pacific area within the north and south 20°c isotherms (Wells, 1957), the 
island of New Guinea being located in the central core of the highest coral 
species diversity (Weber-, 1973). 
'The conspicuous types of present day structures of fringing reefs, 
barrier reefs and atolls, were first documented by Charles Darwin in his 
famous book "The Structure and Distribution of Coral Reefs", published in 
1842. As any discussion of the geomorphic features of coral reefs involves 
the descriptive terms introduced by Darwin, Table 2.1 summarizes the 
accepted definitions used in this section. 
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TABLE 2.1 
Most common coral reefs geomorphic types and the equivalent definitions 
(after Cloud, 1952) 
Coral Reef 
descriptive 
Fringing Reef 
Barrier Reef 
Atoll 
Table Reef,~ 
Patch Reef 
Micro-Atolls 
term 
Definition 
Veneering reef that lies adjacent to pre-existing 
land • 
Sublinear structure which is separated from 
near-by older land by a lagoon. 
Composite structure with ring-like outer reef 
that surrounds a central lagoon devoid of 
pre-existing land. 
Flat-topped, isolated, characteristically small 
to moderate sized reef mounds of the open 
ocean. 
Small, sub-equidimentional or irregularly 
shaped reefs that are typically part of reef 
complexes. 
Coral heads with high rims and dead centers, 
resembling miniature atolls. 
* The reef type "platform reef" used by Maxwell (1973) to indicate large, 
flat-crested ovoid reefs on the continental shelf in the Great Barrier 
Reef of Australia, is similar to "table reef". 
i 
I 
The broad physical environment of the reef is determined by marine 
hydrography, proximity to land and oceanic climate, and the local reef 
environments are also conditioned by the form of the reef itself. Both 
physically and or~anically, reefs are complicated structures and are the 
result of a balance of constructive and destructive forces of varying 
degrees throughout the reef tract. Constructive processes include 
accumulation of biogenic skeletons and inorganic precipitation of Caco 3 , 
while destructive processes include the more or less steady erosive effects 
of cyclones and earthquakes. 
2.2.1 Description of the modern coral reef morphology along 
the northeast Huon, New Guinea 
Any visitor to a coastal area which supports coral reefs is immediately 
impressed by the broad tract of water marked by the waves breaking over the 
shallow crest of the present reef. The same visitor arriving at the north-
east Huon coast, New Guinea, is overwhelmed by the spectacular scene of 
raised coral reef terraces climbing on the mountains, and tends to ignore 
the narrow tract of recent reefs along the coast. This is probably why 
Whitehouse (1973) stated in his description of coral reefs in New Guinea, 
concerning the coastline north of Finschhafen: 
"This simple-looking coastline, ... is without any active 
reefs. But coral reefs have existed there in the past ... 
there are compact, raised, sub-Recent coral reefs rising 
to 1200 feet above the sea ... It is a curiously isolated 
occurrence. The oscillatory history of this long frontage 
has yet to be worked out." 
However, a closer look shows that modern coral reef is active and well, in 
places growing vigorously along the coast. The description of· the recent 
coral reef environment along the north-east Huon coast is the principal 
theme of this section. 
Narrow, sublinear fringing and barrier reefs enclosing lagoons, are 
developed along 80 km of the present north-east Huon coast (Fig. 2.1 and 
Plate V). These coral reefs develope according to the following coastal 
characteristics: 
(i) The coastal bottom topography is steep and simple, descending to 
200 m depth in 500 to 1000 m distance from the shore line (Fig. 2.1), 
and achieving over 1000 m depth in the center of Vitiaz Strait. 
(ii) The coast is rising tectonically. 
The fringing reefs pass laterally into the barriers and vice versa, without 
loosing any of the mo~phological zonation, and both interfinger wlLl1 (luvial 
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Figure 2.1 Geomorphologic features along northeast Huon coast, 
New Guinea (after Chappell, 1973a). 
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gravel deltas around the mouths of the few big rivers in the area. Similar 
ecological niches occur on the seaward side of barriers as exist on the 
fringing reefs, supporting Wells' (1957) view that geomorphologically, 
fringing and barrier reefs are not distinct and heterogenic entities but 
a syngenetic series of forms having a single origin. 
A general model for reefs in the study area was provided by Chappell, 
who describes reef facies of the barrier-lagoon system at Gitua (Chappell, 
1974a, Fig.4). The present lagoons behind the barriers display varying 
degrees of closure from the open sea, ranging from those which freely exchange 
water with Vitiaz Strait as is the case at Gitua lagoon, through Sialum 
lagoon, which at the very moment is in the process of partial closure of 
the southeastern arm, to completely closed lagoons now filled by brackish 
water, such as Jura and Zigura. This trend towards isolation is due to 
tectonic emergence (Fig. 2.1). 
Sialum lagoon and barrier reef rather than Gitua lagoon was chosen 
by the author as the type locality for the modern reef environment because 
it is geographically close to the main sampling areas, and hence represents 
a local continuity of the emerged fossil reefs. 
In October 1977, the author made a bathymetric survey of the lagoon, a 
visual survey of the coral reefs, and temperature and salinity measurements 
of the water on six selected stations, as well as a collection of water 
samples for later isotopic determinations. The stations were identified by 
anchored drum buoys and the survey was done from a native canoe. Fig. 2.2 
shows the bathymetric map of Sialum lagoon and the prevalent current direction 
during the high tide under the influence of the south-east trade winds. 
Sialum lagoon is a narrow (mean width 280 m) and elongated lagoon 
(5.2 km long) with a barrier which is awash to slightly emergent throughout 
most of its length at low tide, except at the lagoon entrance passage where 
the barrier crest is at 4 m depth. The mean depth of the lagoon is 5 m, 
with a maximum depth of 17 m. 
The tidal regime in the area is mainly diurnal with a small component of 
semidiurnal cycle (Australian Dept. of Defence, 1978). The tide range is 
relatively small and not exceeding 1 m, but considering the shallowness of 
the barrier, the tides are an important factor in the water balance of the 
reef environment. During high tide, rapid exchange of water takes place 
between the lagoon and the open s·ea throughout the numerous openings in the 
main barr~er structure and a counterclockwise strong current flows between 
the main entrance into the lagoon and the lagoon proper. At low tid~ the 
water refluxes back from the lagoon through the barrier gaps to the open sea; 
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the barrier reef crest as well as parts of the coral meadow in the shallow 
parts of the lagoon are exposed to air during the low spring tide and the 
main current in the lagoon diminishes. 
Only three small fresh water streamlets drain directly into the lagoon 
and in places fresh water karst springs are bubbling out from the lagoon 
shore. However, their contribution to the water balance in the lagoon 
is undetectable as far as the salinity measurements indicate (see section 
2. 3). 
Fig. 2.3 shows the reef main environmental zones on the barrier reef and 
lagoon at Sialum. The present active reef is anchored between the remnants 
of the uplifted Holocene reef which has been truncated by erosional action. 
Raised and eroded relicts of the Holocene reef (6,000 to 8,000 years old; 
Chappell and Polach, 1976) are preserved as a linear chain of small islands 
and constitute the modern geomorphic barrier at Sialum, protecting and 
supporting the modern coral reef which mainly grows in the lagoon. Outside 
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present coral growth are on the relatively flat and shallow areas left by 
erosion on the barrier, which are thinly colonized by small size shallow 
water corals and on the steep submarine continuation of the eroded barrier, 
which is lightly clad in small corals scattered over grooves and small 
scarps. Elsewhere off the Huon coast, where there are submarine shelves or 
gentle slopes, the modern shallow reef growth is extensive and vigorous (for 
example, at the Gitua lagoon complex mapped by Chappell, 1974a). 
Sedimentation exerts a greater control on reef development in the 
lagoon than on the seaward reef. Much of the sediment of gravel to silt 
size derived by the degradation of the outer barrier reef is washed over 
into the lagoon, and hence many segments of the lagoon otherwise suitable 
for co.ral growth are practically barren, because sedimentation prevents their 
establishment. The principal sites for lagoon-reef development there are 
obviously those places protected from sedimentation, such as the landward 
margin of the lagoon. On the outer side of the lagoon, the coral reef is best 
developed behind the shelter provided by the residual barrier islands and the 
reef supports dominantly branching corals. The lagoon floor is covered by 
clay to silty size carbonate sediment (roughly equal proportions of aragonite, 
high Mg calcite and low Mg calcite) which preferentially accumulates where 
the axial lagoon currents turn and overflow the reef. The leeward side of the 
lagoon supports a wide range of active shallow reefs. While the sites most 
exposed to the strong currents are dominated by the vigorous and robust 
Acropora pa1ifera, the most sheltered places are covered by the fine-long 
t 
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branches of Acropora rarnosa and corallinaceous algae. A narrow beach of 
reefal sand and gravel on the lagoon shore is backed in places by the eroded 
Holocene reef cliff which is elevated up to 6 rn height. The southeastern 
arm of the lagoon is isolated from the main body at low tide; apparently 
the lagoon reef spread over and "fused" with the barrier reef. In years to 
come, this part of the lagoon will become isolated and transformed into a 
brackish lake. 
2.2.2 The origin of the modern reef 
The mechanism of upward growth of an initial rim of reef during 
submergence of the substrate was suggested by Darwin (1842) to explain the 
morphology of oceanic atolls. Ile postulated that the continued upward and 
outward growth of reefs on a subsiding foundation would lead to a genetic 
succession of fringing reefs, barrier reefs with lagoons, and atolls. 
Subsequent investigations accepted Darwin's interpretation of upward growth 
but disagreed about the causes of submergence. Daly (1915) argued that the 
submergence and growth of modern atolls and barriers was related to post-
glacial eustatic rise rather than tectonic subsidence. That tectonic sub-
sidence is not the unique mechanism providing proper conditions for barrier 
reef-lagoon complexes is prompted by their existence along a tectonically 
emergent coast, bringing strong support to Daly's theory (op.cit.). 
Stages in the development of the modern reef at Sialurn are indicated 
in Fig. 2.4. Briefly, the barrier reef at Sialurn grew upwards and outwards 
as the sea-level rose faster then the tectonic uplift during the last 
deglaciation episode. While the upgrowth of the barrier reef ceased when 
the sea-level stabilized around 6000 years B.P. (Thorn and Chappell, 1975), 
a lagoon reef developed in between the barrier reef and the old land and 
accumulated on the rear slope of the barrier reef and its leeward continuation. 
Under the present conditions of emergence (sea-level stationary, land rising), 
erosion eliminates much of the Holocene reef surface leaving erosional 
geornorphic features, whereas the only living reef finds shelter in the lagoon. 
2.2.3 Summary 
The above discussion on the modern reefs along the northeast Huon coast, 
New Guinea, can be summarized by pointing to the following characteristics: 
(1) Barrier reefs pass laterally into fringing reefs and vice versa without 
i apparent changes in coral species or zones • 
.. (2) Intermittent uplift and steep substrate force the lateral compression 
of reef zonation, but not the disappearance of zones. 
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(3) The narrow, elongated shallow lagoons display a wide range of 
geometric relations with the open sea, from full dynamic exchange 
to barred brackish lakes. 
(4) The sedimentation in the lagoons is mainly organic, the elastic 
fraction being small. While in the process of infilling, the 
lagoons have local areas of partial excavation of floor sedi~ent 
through the wind and tide driven currents. 
(5) The localization of the reefs on the Huon coast and their scarcity on 
(6) 
most of the northern New Guinea coast, may be due to their being 
on a coast which has a limestone hinterland and almost free from 
elastic fluviatile sediments. 
The main structure of the fringing and barrier-lagoon reef complexes 
of the modern Huon coast developed during the latter stages of the 
post-glacial sea-level rise, which terminated 6000 years ago in the 
north New Guinea area. 
(7) Under conditions of emergence, the lagoon complex exists as a site 
for reef growth for longer than the barrier reef itself, a factor 
which will be considered when the fossil complexes come under 
scrutiny. 
(8) At some localities off the Huon coast, reefs which commenced growth 
during the post-glacial transgression have not yet reached sea-level 
(e.g. outer barrier reef at Gitua; Chappell, 1974a). 
2.3 Environmental stresses affecting the shallow water reef community 
along the northeast Huon coast, New Guinea 
Coral reefs are adapted to and modify their physical environment. 
It is important to distinguish between environmental factors which show wide 
regional distribution and those which may show high but local variability, 
and which are dependent partly on the reef morphology itself. External 
climatic inputs include air and sea water temperatures, precipitation, 
surface winds and solar radiation. 
There is a paucity of climatic data in the Huon Peninsula region, 
especially as regards marine climates. It is clear that a study limited 
in time cannot easily close this gap. Nevertheless, a genuine effort was 
made in this study to assemble all the available information for this purpose, 
and the environmental data will be treated first in its broader aspect of the 
regional climatic pattern. Following this, the local perturbations will be 
outlined, pointing to possible links with the coral reef marine environment. 
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Figure 2.5 The position of the ITCZ relative to the northeast coast 
of Huon Peninsula during 1973-1974 (data from Dunkerley, 1976). 
Notice that ITCZ crosses the region twice a year during the winter and 
summer mi'gration. 
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Figure 2.6 Seasonal pattern of surface currents in the Vitiaz Strait 
(data from Wyrtki, 1960). 
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The regional controls of the climate of New Guinea and north Australia 
are reviewed by Nix and Kalma (1972) and Webster and Streten (1978). A 
discussion of the surface circulation and its annual variations in the 
Coral Sea (including Vitiaz Strait) is given by Wyrtki (1960) and Pickard 
et al. (1977). Monthly sea water temperatures and salinities for the Vitiaz 
Strait were assembled from CSIRO (1974) charts as well as from compiled data 
from various sources which will be outlined in the text. The main features of 
rainfall distribution are adequately documented for the Southwest Pacific 
by Brookfield and Hart (1966). Additional climatic information for the 
north coast of New Guinea prior to 1945 was obtained from the Admiralty 
44 
Naval Intelligence Division (1945). The only detailed local records available 
are Dunkerley's (1976) meteorological observations, taken during his field 
work in the study area, plus hydrological measurements performed during this 
study between August and November 1977. 
2.3.1 Seasonality contrasts in terms of equatorial atmospheric 
and oceanic circulation 
Located 6°S of the Equator, the northeast Huon Peninsula, New Guinea, 
falls within an area defined by Lockwood (1976) as "oceanic-equatorial", 
with atmospheric dynamics significantly different from those of higher 
latitudes. The predominant seasonality feature in the Huon area is the 
regular alternation between two major air streams, the southeast trade 
winds and the northwest monsoon, reflecting the twice-yearly movement of 
convergence zones across the Equator (Webster and Streten, 1978). Strong 
orographic effects associated with the high ranges of New Guinea, modify 
both the SE and NW air streams. At the change of seasons, considerable 
variation in wind direction takes place, and nocturnal drainage winds often 
dominate. 
Fig. 2.5 drafted from daily surface pressure data during 1973-1974, 
indicates the seasonal movement of the Inter-Tropical Convergence Zone 
(ITCZ) relative to the study area. The south to north traverse of the 
northeast Huon Peninsula occurs between April and May and the north to south 
traverse between October and November. 
The seasonal reversal in wind direction causes a similar reversal of 
oceanic circulation through the Vitiaz Strait, which is characterized by a 
strong NW-flow originating in the Coral Sea during the Austral winter season 
and a SE-flow during the Austral summer season, when equatorial water masses 
driven by the monsoon winds enter the Straits from the Bismarck Sea (Wyrtki, 
1960). Fig. 2.6 summarizes the annual fluctuation in current velocity and 
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direction in the Vitiaz Strait. The synchronism between the direction of 
flow and winds is obvious. Current velocities are high (up to 4 m/sec) 
due to the funnelling effect of the Vitiaz Strait on water moving from 
each of the alternate source areas. According to Fairbridge (1966), the 
average seawater salinity (S "'34. 5° I ) of the Bismarck Sea is somewhat 
00 
. 0 
lower than that of the Coral Sea (S "' 35. 5 I ) . 
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2.3.2 Rainfall and solar radiation seasonality and variation 
According to Webster and Streten (1978), most of the precipitation in 
the equatorial oceanic climate falls on a relatively small number of days 
and is principally due to organized disturbances associated with the ITCZ. 
Apart from perturbations on the ITCZ, low latitude precipitation is affected 
by: 
(i) moisture content of low-level airstreams; 
(ii) orographic effects; and a 
(iii) tendency for thunderstorms to.form (influenced partly by sea surface 
temperature, partly by orography). 
All three factors contribute positively to rainfall in New Guinea, which is 
a region where precipitation is substantially greater than normal. More 
than 50% of New Guinea has an annual rainfall exceeding 2500 mm, and two 
major wet belts have totals exceeding 5000 mm (Brookfield and Hart, 1966). 
However, spatial rainfall variation in New Guinea and islands is large 
because of the dominnnt role played by topogrnphy. This is particularly 
true on the Huon Peninsula. 
Fig. 2.7 reproduces the seasonal distribution of rainfall along the 
Huon coast. The high mountains of the Peninsula (up to 4000 m) impede the 
southeast trade, and hence the east Rai coast (northeast Huon) and Astrolabe 
Bay (see map Fig. 1.2) have their dry season during the Austral winter and 
depend on the northeast monsoon during the summer for their rain. In 
contrast, Finschhafen on the eastern end of the Huon Peninsula is exposed 
to the southeast trade and receives over 60% of its annual rainfall between 
May and September. 
Monthly values of t~e effective solar radiation reaching the surface 
in the study area were calculated according to the empirical equation 
developed by Nix and Kalma (1972),which is based on available data from 
stations in New Guinea and correlates radiation receipts via rainfall to the 
cloudiness levels. 
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Figure 2.7 Seasonal variation of rainfall along the Huon Peninsula 
coast, expressed as fraction of mean annual value. 
900 
~:QA= 312 kcal/cm 2/yr 
,., 
"' "O 
"' E 
-':'. 
Iii 
u 
c 
0 800 
·..= 
.111 
"O 
~ 
:a 
0 
·en 
700 
J M A M J J A s 0 N D J 
Month 
Figure 2.8 Computed monthly solar radiation at the top of the atmos-
phere, for 6°lat.S (A.Berger, personal communication). 
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along the northeast Huon coast, New Guinea. 
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Where QA and LQA are the astronomical monthly and annual totals of solar 
radiation on the top of the atmosphere for 6°s latitude (Fig. 2.8), 
-2 -1 LQ = 150 kcal cm yr is the measured annual effective solar radiation 
for the area and p, LP are monthly and annual precipitation levels respect-
ively, for two stations in the study area (Gitua and Sialum). The rainfall 
data are documented [rom Dunkerley (1976). The detailed monthly rain 
average and total solar radiation (direct + diffuse) at two stations in the 
study area are graphed in Fig. 2.9. The following points of interest emerge: 
(i) 
(ii) 
(iii) 
2.3.3 
The coastal study area has a pronounced dry and wet season, 
coinciding with the Austral winter and summer respectively. 
The rainfall originates mainly from the moist northwest Trades 
(locally called Yawara or Talio), while the southeast Trades 
(Rai) in the area are characteristically dryer. 
The antipathetic relation between cloudiness and effective 
solar radiation is well marked in the study area, dry season 
radiation being about 25% higher than in the wet season. This 
strong seasonality of rainfall and of radiation will be taken 
into account when de~ling with parameters of reef growth later 
in this thesis, as there is a linkage between metabolic ratios 
and radiation level (Chalker and Taylor, 1975; Kinsey, 1977). 
Inland from the coast, the rainfall increases rapidly, reflecting 
the orographic effects of the Cromwell Range. For example, records 
kept privately at Kip at an elevation of 670 m and only 8.5 km 
inland from the coast, indicate that the rainfall is in the region 
of 2500 mm as compared to 1168 mm at Sialum. 
Droughts in New Guinea 
48 
Droughts are uncommon in the present climatic regime of Papua-New Guinea. 
Meteorological records, mostly from coastal stations, indicate three abnormally 
dry episodes this century. The years 1930-1932 are outstanding at most 
stations as drier periods (Admiralty Naval Intelligence Division, 1945) and 
more recently 1941 and 1971-1972 (Bureau of Meteorology, 1973). In the 
abnormal year 1930-31, Samarai (10°35'S, 150°29'E) recorded 1168 mm, against 
an average of 2540 mm of rain, and Losuia in the Trobriand Islands (8°32'S, 
0 151 04'E) recorded 533 mm, as against an average of 3785 mm. The drought 
spells are synchronous with severe frosts in the New Guinea Highlands, 
associated with unusually low cloudiness. Although no definite mechanisms 
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for initiating or maintaining these conditions could be found, a possible 
connection with sea surface temperatures below normal during these 
periods has been suggested (Bureau of Meteorology, 1973). 
2.3.4 Air temperature and humidity 
Limited information is available on air temperature and humidity on 
the northeast lluon coast. The only observations available are again those 
taken over 11 months by Dunkerley (1976) and the occasional measurements 
made during this study between August-November 1977, and ten days continuous 
observations in mid-October 1977 (Table 2.2). For the period October to 
February, Dunkerley measured a mean noon daily air temperature at sea level 
of 29.9°c, while temperatures at an elevation of 500 m were 3-6°c lower. 
According to the measurements taken during this study, the daily air temper-
ature range at sea level was ~2°c (28.3°-26.5°c) during mid-October 1977. 
Relative humidity observations (Dunkerley, 1976) indicate a mean noon value 
of 79.8% at sea level, fluctuating between a maximum of 94% and a minimum 
of 71%. At higher elevations, humidities are a few percent higher. 
2.3.5 The tidal regime, sea water temperature and salinity 
The only continuous records of tides are taken from Dreger Harbour, 70 
50 
km southeast of Sialum, on the Huon coast. Typical diurnal tidal curves reported 
by the Australian Dept. of Defence (1978) are shown in Fig. 2.10. The 
main tidal rhythm in the area is diurnal with a small semi-diurnal component 
and the tidal range does not exceed 1 m for the spring tides and 0.3 m for 
the neap tides. Long term tidal records show clearly that the timing of 
the low and high tides changes sign between seasons, namely, between 
December and May (the wet season), the high tide generally coincides with 
daylight and low tide falls at night, while between June and November (the 
dry season), the low tide generally occurs during the day and high tide 
rises at night. 
It is probable that the seasonal change in tidal timing is partly the 
result of the superimpos_ed current flow through the Vitiaz Strait, which 
partly cancels the astronomical tide when tidal and wind-driven components 
are opposed. The daily occurrence of low water and its seasonal shift from 
day to night has ecological importance for the shallow water reef environment, 
and this will be discussed in the next section. 
Sea water temperature and salinity data for the Vitiaz Strait are 
compiled from monthly oceanographic charts reported by commercial ships and 
occasional oceanographic missions from 1966 onwards (CSIRO, 1974). The 
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Figure 2 .11 Monthly variations of surface sea water temperature and 
salinity for the Vitiaz Strait (Source: CSIRO, 1974). Also shown 
are sea water temperature measurements along the Maclay Coast, about 
200 km northeast from the study area, taken by N. Mikloucho-Maclay 
during 1871-1872 (see text). 
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monthly variations are graphed in Fig. 2.11 a and b. Some points of 
interest emerge from the diagrams: 
(i) 
(ii) 
(iii) 
Monthly variations of sea water temperature in the Vitiaz Strait 
are relatively small, the maximum contrast registered between 
August (26.6°C) and March (29.0°C) does not exceed 2.5°c. The 
mean seasonal variation between the Austral winter and summer 
is l.6°C with an annual average temperature of 27.9+0.9°C. 
The maximum salinity variation between the dry and wet se'ason 
does not exceed 1.5°/ , with an annual average of 35.4+0.6°/ 
00 - 00 
The fast transport of major oceanic masses through the narrow 
and deep Vitiaz Strait, secure a low residence time of sea 
water in the Strait and consequently, a minimum fluctuation in 
water salinity between seasons. 
This statement does not exclude the possibility of local salinity variations 
due to seasonal fresh water mixing in the Huon coral reef environment, but 
rather identifies such a situation with a local effect in the general frame 
of the Vitiaz Strait waters. 
Apart from ten days measurements of sea water temperature and salinity 
taken during this study in mid-October 1977, no other observations of the 
above parameters are available for the local coral reef environment. Six 
stations in the Sialum lagoon and two stations outside the barrier reef 
were selected and reached using a native canoe. The technical aspects of 
the measurements are described in section 1.3.7. Table 2.2 summarizes the 
fortnightly observations averaged for minimum and maximum readings during 
the day, indicating a relatively high constancy in salinity and temperature 
values for the sea water in the lagoon and outside the barrier reef. As 
expected, the daily fluctuations in air temperature were twice as high as 
the sea water temperature. The salinity values were slightly higher than the 
average salinity reported for the Vitiaz Strait (35.4°/ ) , probably because 
00 
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the measurements were taken during the dry season. Table 2.3 below illustrates 
a typical distribution with depth of sea water temperature and salinity at a 
station located above the Sialum lagoon floor, 7 m depth. Only minor changes 
~· were registered between the surface and the bottom water. 
Apart from daily observations, a continuous 24 hours profile was sampled 
at 2 m depth above the shallow active reef in Sialum lagoon. The results are 
graphed in Fig. 2.12. The water temperature at night was l.4°c lower than 
during day-time. Salinity was somewhat higher at night during the low ebb 
tide, probably as a result of slight evaporation. 
~·'~., ''R.'9',M~ T '!'If• ,~,'W"""' T:'!IP ,~. l"' '11!1'1' 
TABLE 2.2 
TemEerature and salinity observations recorded at Sialum (6°05'S~ 147°36'E) north-east Huon coast 
during mid-October~ 1977 
Parameter 12.10 13.10 14.10 15.10 16 .10 17 .10 18.10 19 .10 20.10 21.10 
Mean Air Temperature ( 0 c) 
Maximum 28.6 28.1 28.4 26.5 27.9 28.3 28.9 28.9 27.9 29.3 
Minimum 27.0 27.0 26.9 25.9 25.9 27.0 27.1 25.9 25.8 26.9 
Difference 1. 6 1.1 1. 5 0.6 2.0 1. 3 1. 8 3.0 2.1 2.4 
Mean Sea Water Temper- 27.2 27.6 27.3 26.6 27.1 27.2 27.3 27.0 27.3 27.3 0 
ature at lm depth ( C) 
Maximum 27.6 27.9 27.9 26.7 27.8 27.9 27. 8 27.3 27.7 27.8 
Minimum 26.8 27.2 26.6 26.5 26.4 26.5 26.7 26.6 26.8 26.8 
Difference 0.8 0.7 1.2 0.2 1.4 1. 4 1.1 0.7 0.9 1. 0 
Mean Salinity at lm 36.1 36.7 36.7 36.2 35.6 35.7 36.4 35.9 35.2 35.1 depth ( 0 / 00 ) 
Maximum 36.2 36.8 36.9 36.3 35.9 36.0 36.5 36.4 35.5 35.3 
Minimum 35.9 36.6 36.4 36.1 35.3 35 .3 36 .3 35. 4 34.9 34.8 
Difference 0.3 0.2 0.5 0.2 0.6 0.7 0.2 1.0 0.6 0.6 
Mean 
Value 
28.3 
26.5 
1. 8 
27.2 
27.6 
26.7 
0.9 
36.0 
36.2 
35.7 
0.5 
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Figure 2.12 A 24 hour hydrological observation above the active 
shallow reef in Sialum lagoon, ~2 m depth of water. 
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TABLE 2.3 
Water Depth Temperature Salinity 
~Im) (oC) 0 ( I oo) 
~ 0 27 .o 35.2 
~ 0.5 26.9 35.2 
1 27 .1 25.5 
2 27 .o 35.5 
3 26.8 35.5 
4 26.8 35.5 
5 26.8 35.5 
6 26.8 35.6 
7 26.8 35.5 
The observations were recorded on 20 October 1977. 
2.3.6 Comparison of the present data with historical records 
~" Although remote, and without· established monitoring meteorological 
i 
I 
r 
E~ 
.. 
,,.,, 
! 
""' ,,. . 
4 
stations, the northeast Huon coast is probably the only place in New Guinea 
where local meteorological and hydrological observations were recorded for 
a short interval, about 100 years ago. The Russian naturalist N. Mikloucho-
Maclay arrived on his first trip to New Guinea in 1871 on the warship 
"Vitiaz" (the Strait bears the name of the ship), landing on Garagassi Point, 
(5°28'S, 145°5l'E), about 200 km northwest of the study area. He resided 
for 15 months (north Huon coast is ofteri called "the Rai coast", a name given 
by Maclay after the Russian "raisky" = paradise), and during this time he 
recorded daily meteorological and hydrological parameters, published later 
in St.Petersburg Ac~demy of Science Memoirs (Mikloucho-Maclay, 1883). Only 
his sea water temperature data are shown in Fig. 2.11. Apart from the 
historical interest in his measurements, the data are relevant to this thesis. 
(i) 
(ii) 
(iii) 
The mean annual air temperature for 1871-1872 of 26.2°C, is 1°C 
lower relative to four years (1972-1975) average air temperature 
recorded by the meteorological station at Madang (I.A.E.A., 1979). 
Sea water temperature measured by Mikloucho-Maclay in Astrolabe Bay, 
is z0 c higher than the annual average in the Vitiaz Strait today. 
No detected seasonal variations are apparent in his sea water 
temperature records, which differ from the ~l.5°C seasonal contrast 
recorded today in the Vitiaz Strait (see Fig. 2.11). 
The above discrepancies may reflect a secular trend, or a general water 
circulation difference between the broad and relatively sheltered Astrolabe 
Bay and Vitiaz Strait with its strong wind-driven currents and high exposure 
to the southeast Trades. 
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2~4 A probe for isotopic characterization of the environment - Tridacna 
One of the most remarkable opportunities offered by the Huon terraces, 
geologically speaking, is the possibility of analysing late Quaternary 
changes of the nearshore marine environment, as outlined in the introduction 
to this thesis. Since the intention of this study is to examine these 
changes in terms of past variations of oxygen and carbon isotope ratios, 
it is important to select modern calcifyers which faithfully record the 
local isotopic compositions in their skeletons, an<l are sufficiently 
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plentiful to be useful for probing the raised reefs. Corals are not especially 
suitnble, for reasons which are more appropriately explained in Chapter 3. 
The giant clam genus Tridacna, proves to be very suitable (reasons also 
explained in Chapter 3) and is the experimental subject of this study. It 
is appropriate to conclude this chapter with an account of Tridacna and its 
habitat. 
2.4.1 Distribution and habitat of Tridacna 
Coral communities have diversified in two reef provinces: the Indo-
Pacific province and the Atlantic province. Inda-Pacific reefs support far 
more coral species than the Atlantic counterpart (Wells, 1957). Many other 
reef inhabitants found in the Pacific province are absent in the Atlantic, 
including the giant clams of the bivalve molluscan family Tridacn.idae. They 
are important shallow water residents of most Inda-Pacific reefs and include 
two living genera and six living species, described taxonomically by Rosewater 
(1965). There are Hippopus hippopus (Linne) and Tridacna with five species. 
The Tridacnidae are the only bivalves which, similar to the hermatypic 
corals, harbour photosynthetic symbionts (zooxanthellae) in their tissues. 
According to Yonge (1975), this special association between the Tridacnidae 
and the zooxanthellae has influenced the habitat, distribution and anatomy of 
these bivalves. Depending on the species, the Tridacnidae either rest on the 
bottom unattached, or are attached by strong bysuss threads and burrow into 
massive coral heads. The limiting depth for their growth, which is 10 to 
20 m is determined primarily by the transparency of the water and the lack 
of sufficient light for photosynthesis by zooxanthellae at greater depths 
(Hardy and Hardy, 1969). It has been demonstrated (Yonge, 1975) that the 
zooxanthellae contribute significantly to the nutrition of the clam, and as 
an adaptation to maximize the production of zooxanthellae, the clam exposes 
its mantle tissues to light. The sizes, growth rates and common habitats 
of the Tridacnidae are summarized in Table 2.4. The largest and best known 
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(b) 
Block diagram with plane-view of the surface of maximum growth. 
Transverse cross-section through the left valve of a recent 
Tridacna gigas (K-133). Note the relationship between growth 
increments and surface of maximum growth. Increments are 
thicker in external layers than in internal ones. 
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TABLE 2.4 
Modal size, growth rate and habitat of the Tridacnidae 
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Species 
Hippopus hippopus 
(Linne) 
Tridacna squamosa 
(Lamarck) 
Tridacna derasa 
(Roding) 
Tridacna gigas 
(Linne) 
Tridacna maxima 
(Roding) 
Tri.dacna crocea 
(Lamarck) 
Modal Size Growth Rate 
cm cm/yr 
40 
20-30 
50 
100 
17 
15 
Maximum Length+ Thickness++ 
0. 8 (a) 
5 .1 (b) 
5.7-9.l(c) 
9. 7 (d) 
6(e) 
l(c) 
l.4-2.2(d) 
Habitat 
Shallow waters in the lagoons and on 
the barrier and fringing reef flats. 
Living on reefs from the surface down 
to 10-20 m depth. Mostly in the 
transparent water of the barrier and 
fringing reefs, sometimes in lagoons 
associated with very clear water. 
Often found in areas of surf action 
Same habitat as T.gigas. 
Burrowing into massive coral heads 
or limestone rock, found in bays, 
lagoons and on the reefs. Often sub-
aerially exposed at low tide. 
Note that the growth rate shown is the upper growth limit which slows down with age (see text). 
(a) Hardy and Hardy (1969); (b) Rosewater (1965); (c) Bonham (1965); (d) This study; (e) McMichael (1974). 
+ External prismatic layers; ++Internal laminated layers. 
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at least insofar as its shells are concerned is T.gigas. Its normal 
maximum length is about 1 m, though larger individuals have been recorded. 
Together, T.squamosa and T.gigas are the most common species on the 
northeast Huon coral reefs (Plate VI, A and B). Their habitat on the reefs 
include shallow waters in the lagoons and on the barrier and fringing reef 
flats. Due to human predation, a striking improverishment in Tridacna 
is observed on the modern reef, relative to its abundance on the emerged 
fossil reefs. 
2.4.2 Tridacna's shell structure and growth banding 
T.gigas shells from modern and fossil reef formations were studied by 
means of thin sections taken from transverse slabs at microscopic magnifi-
cations from 2 to 500 times. Transverse slabs cut through the hard shell 
of T.gigas are divided into two distinctive parts by the pallial line. 
As shown in Fig. 2.13 and Plate VI, C, the extrapallial portion of the shell, 
distal to the pallial sinus and comprising about half of the total inner 
surface, is made of prismatic growth layers oriented tangentially to the 
surface of maximum growth and are called "the external prismatic layers". 
The basal part of the shell under the pallial line has a nacreous appearance, 
with the growth layers internally laminated and are called "the internal 
laminated layers". Samples from prismatic and laminated layers as well as 
other morphological parts of the shell were analysed by X-Ray diffraction. 
All samples show the unmistakable pattern of pure aragonite reflections. 
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Both internal laminated and external prismatic layers are macroscopically 
zoned into alternating darker and lighter bands (Plate VI,C) with the thickness 
of a dark-light band pair being about 2 cm in the internal region and ~s cm 
in the external region. Microscopically, these major bands resolve into 
micron-sized alternating dark-brown and white growth layers (Plate VI, D), 
the dark-brown bands having a high concentration of organic material 
(conchiolin) while the white ones are clear aragonite. The microscopic growth 
lines are clustered in groups of 14 bands with an obvious demarcation between 
the groups (Plate VI, D). This number of bands coincides with half the number 
of days in a synodic mon~h, suggesting that the microscopic layers in 
Tridacna are daily growth increments and are probably related to the spring 
and neap tidal rhythm (Fig. 2.10). 
The nature of the macroscopic bands, which contain several hundred of 
the fine microscopic layers, is important. In the internal laminated layers, 
the macroscopic light bands are composed of clusters of low density, relatively 
wide microscopic growth lines varying in thickness from 25 to 60 µm (Plate VI, 
i 
I 
D and E). These growth lines are responsible for the white appearance of the 
bands under reflected light, because of their higher reflectancy. The macro-
scopic dark bands are composed of clusters of high density growth lines, 
including relatively narrow aragonitic lines 10-15µm wide, alternating with 
narrow organic matter lines. Identical patterns occur in the external 
laminated layers, although the thickness of the daily growth lines is 
greater by about a factor of four. 
The nature of the macroscopic bands is resolved by counting the fine 
daily layers within them. Using one modern T.gigas specimen (K-133) and 
three Pleistocene examples from the raised reefs (K-8, K-90, K-131), the 
number of daily layers per macroscopic light band-dark band pair were counted 
microscopically. The average number of daily growth lines counted was 
368.4±_18 (based on 10 macrobands), suggesting that a dark and light pair 
60 
of macrobands represents an annual growth increment, with the density variation 
representing summer/winter seasons. These results are supported by the careful 
studies on the growth pattern of bivalve molluscs by Pannella and MacClintock 
(1968) and Pannella (1972). 
While seasonal changes in water temperature appear to be a reasonable 
explanation for the seasonal bands in bivalves living in temperate climates, 
it is difficult to apply the same reasoning to Tridacna restricted to coral 
reefs in the ttropical seas. In particular, the seasonal fluctuation in 
0 
water temperature along the northeast Huon coast do not exceed 1.5-2 C (see 
previous section), nevertheless, Tridacna from this area display clear annual 
bands, subdivided in white, lower density (rapid growth) and dark, higher 
density (slower growth) zones. Bonham (1965), studying growth patterns in 
T.gigas from Bikini Atoll, suggested that growth rate varies with seasonal 
environmental factors other than temperature, such as winds, currents, weather, 
light and abundance of plankton food. Although several of these factors 
vary seasonally along the Huon coast, as shown previously, it is unknown 
which ones cause the density zonation. 
On one hand, long term tidal records along the Huon coast (Fig. 
2.10) show that there is a seasonal reversal in the diurnal incidence of low 
and high water. On the other hand, Tridacna growth appears to be affected 
by the tide (evidenced by its response to neap-spring cycles), as well as 
by daylight-night cycles (affect the zooxanthellae). It is suggested, there-
for~ that growth during the Austral winter is slower (dark, high density 
band) because the daytime growth period coincides with low tide, whereas 
growth during the Austral summer is enhanced (white, low density band) because 
the daytime growth period coincides with high tide. Certainly, the specimen 
collected live in October 1977 (Plate VI, C) has a high density zone (dark 
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band) as its final growth stage, supporting the above hypothesis. 
Testing of this hypothesis clearly will require controlled growth 
studies, and year-long environmental monitoring in natural situations. 
Further study of this matter is desirable when the isotopic probing of 
past environments is extended beyond this thesis. For present purposes, 
the annual zonation provides a convenient key for locating samples used 
for relating isotopic measurements to summer and winter seasons. 
2.4.3 Growth rates and lifetimes of Tridacna 
The large size of the giant clams (in particular :r.gigas) raises the 
question of the rate of growth. This is relevant to the length of environ-
mental record preserved in a shell and affects the temporal resolution 
possible in stable isotope studies. The relevant growth rate data are 
summarized in Table 2.4. Measurements have been made by two methods, i.e. 
from annual layer thicknesses (this study), or direct measurement of annual 
increment (Rosewater, 1965) and by using 90sr tracer with specimens from 
Bikini, after the 1956 and 1958 nuclear bomb tests (Bonham, 1965). Growth 
rate appears to decline with age, as shown by annual band measurements from 
Huon specimens. The ages of 44 T.gigas specimens from the Huon Peninsula 
were estimated through annual layer counts, giving a modal age of 7 years 
(histogram, Fig. 2.14), which is rather less than estimated by McMichael 
(1974) for T.maxima. 
These data show, that as regards sampling of the time series of 
environmental "climate", a single specimen can provide: 
(i) data at the daily level,provided that measurement from a ~25µm 
"spot" is possible; 
(ii) data at the monthly level, using about a 1 mm "spot" (external 
layers) or a 0.2 mm "spot" (internal layers); and 
(iii) monthly or seasonal data from sufficient number of years to 
estimate annual variability, but not to study larger possible 
cycles. 
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CHAPTER 3 
THE DETECTION OF ENVIRONMENTAL PERTURBATIONS USING A 
STABLE ISOTOPE APPROACH 
3.1 Introduction 
The elements carbon, hydrogen and oxygen occur in three main 
reservoirs at the Earth's surface, the atmosphere, biosphere an<l ocean, 
and are continuously cycled between them. Their residence times in 
the various reservoirs are a function of the physico-chemical properties 
of the chemical reactions involved as well as the physical circulation 
rates. The best way to study these interactions is.to trace the relative 
partitioning of the stable isotopes, which vary due to small but signifi-
cant chemical and physical differences between the isotopes of each 
element. 
The major advantage of stable isotopes as tracers lies in the 
similarity in chemical behaviour of all isotopes of a given element, while 
still having sufficient dissimilarities due to mass differences (called the 
isotope effect) to discriminate between separate physico-chemical processes. 
These mass differences are most pronounced among the lightest elements. 
Further advantages of the stable isotope method are the availability of 
detection techniques of extremely high sensitivity (described in detail.in 
Chapter 1) and their infinite lifetime. Experimental investigations of 
isotope effects, their magnitudes and distribution, was started by Harold 
Urey and his group at the University of Chicago and was followed later by 
many others. The theory that explains physico-chemical differences between 
stable isotopes of the same element was considered by Bigeleisen and Mayer 
(1947), Urey (1947) and summarized by Broecker and Oversby (1971). This 
theory will be discussed briefly, followed by the application of stable 
isotope techniques to the detection of environmental perturbations in the 
modern coral reef environment and the tracing of their origin. 
3.2 Variations in relative abunclcmces of the light stable isotopes 
. 13 18 2 The stable isotopes C, 0 and H(D) occur at about 1%, 0.2% and 
0.015% respectively, of the natural levels of common carbon, oxygen and 
12 16 1 hydrogen, C, 0 and H. Isotope ratios amongst the carbon species and 
the oxygen species vary by about 10% in nature, while hydrogen shows by 
far the largest variation of the stable isotope ratio (i.e. D/H) of up to 
70%. Ratios of 13c;12c, 18o; 16o and D/H in natural carbon, oxygen and 
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hydrogen-bearing compounds vary with chemical pathway by which the 
compounds were formed and the conditions under which the reaction occurred, 
including temperature. Alteration of ratios by physical, chemical or. 
biological processes is called isotope fractionation. According to Hoefs 
(1973), the main processes producing isotope fractionation are: 
(1) Equilibrium exchange reactions, including redistribution of the 
isotopes between different chemical substances, between different 
phases or between individual molecules. 
(2) Kinetic reactions, mainly depending on differences in reaction rates 
of isotopic molecules. 
(3) Differences in the vapour pressures of different isotopic compounds. 
Each of these fractionation processes will be treated now .in turn, emphas-
ising equilibrium exchange reactions which are the most common in the 
process of calcium carbonate precipitation. 
3.2.1 Isotope exchange during equilibrium reversible reactions 
Consider a typical exchange reaction in an equilibrium process, 
which may be written as: 
A* + B A+ B* 
where A and B are molecules having any element as a common constituent. 
The presence or absence of the asterisk indicates that the molecules 
contain only the heavy or light isotopes respectively. For this chemical 
reaction, the equilibrium constant K, may be expressed in terms of the 
partition function Q: 
(QB*/QB) 
(QA* /QA) 
The partition function Q of a molecule is defined by: 
Q " -E./kT [_, e i 
i 
where: Q = the partition function representing a surrnnation of all the 
energy states E. of a given molecule; k = Boltzmann's constant; and 
l 
T = absolute temperature. 
The important point which emerges from this simplified presentation, is 
that since the partition function has a temperature dependence, so also 
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must the equilibrium constant be temperature dependent. The dependence 
of the equilibrium constant K on temperature is the most important property 
for geological purposes. Approaching 0°K, the equilibrium constant K tends 
towards zero, corresponding to complete isotope separation. As the 
temperature tends towards high values, so the equilibrium differences of 
isotopes vanish and the fractionation effects disappear. 
Usually we are interested in the fractionation factor (a) rather than 
in the equilibrium constant. This is defined as the ratio of any two 
isotopes in one chemical compound, divided by the corresponding ratio for 
the other chemical species. At equilibrium, a may be equated to a very 
good approximation to the equilibrium constant K for the isotope exchange 
reaction between two chemical compounds. For the above chemical exchange 
reaction: 
Note that R, the isotopic ratio, is always written as the ratio of the 
heavy isotope to the light isotope. The isotopic enrichment E in the 
chemical compount B relative to A is defined as the fractional difference 
in isotopic ratios: 
- 1 a - 1 
E is usually expressed in parts per thousands, 8, rather than as a fraction 
of unity. Thus 
R_ - R 
_-13 ___ A • 
10
3 
In practice, the isotope ratio R of a sample is usually expressed in 
s 
terms of its enrichment, positive or negative, relative to the ratio R 
r 
a reference standard (see equation 1.1). Thus: 
The isotopic enrichment of A relative to B may be expressed in terms of 
CA' OB as follows: 
of 
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RA 1 + lo-
30 
l0- 3oA)(l 1 + E A (1 + l0-3oB) ~ 
RB 1 + lo-30 B 
10-30 10-30 -6 1 + E ~ 1 + 10 oAoB A B 
For small os, the last term on the right hand side of the above equation 
can be neglected. Thus: 
= (3.1) 
That is, merely subtracting 'o' values of the two reaction members will 
be an excellent approximation to the isotopic enrichment factor and 
identical to it within the limits of analytical error for values of os. 
This useful expression can be easily calculated by measuring the isotopic 
ratio of the reaction product relative to the starting substances for a 
given experimental condition (Friedman and O'Neil, 1977). 
3.2.2 Isotope fractionation resulting from kinetic effects 
66 
Many observed isotopic enrichment deviations from the simple equilibrium 
processes can be interpreted as isotopic fractionation resulting from kinetic 
effects. This is easily illustrated by the process of diffusion. For two 
isotopic species, their diffusion coefficients D and D* are related by 
D/D* =I M*/M where Mis the mass of species (Barnard, 1953). In a gaseous 
phase, the molecules containing the light isotope move more rapidly than those 
with the heavy isotope and accordingly, the translational velocities of gas 
molecules are inversely proportional to the square root of the molecular 
weights. Such velocity differences lead to isotope separation during 
molecular flow through a porous barrier. The isotopic enrichment related 
to molecular flow properties was previously indicated in the discussion of 
the mass spectrometry method developed during this study (see Chapter 1). 
Most of the biological processes involve at least a single stage 
of kinetic isotope fractionation that. can be ascribed to the diffusion of 
co 2 through a porous biological membrane. These processes show preferential 
enrichment of 12c isotope in the organic end products, for example, in the 
photosynthetic formation of plant tissue. The magnitude and variability of 
isotopic fractionation originating in the kinetic effects is much greater than 
in the case of equilibrium exchange, ranging from 5°/ to 30°/ depletion 
00 00 
in the heavy carbon isotope relative to the starting co2 reactant. It is 
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strongly dependent on the isotopic pathways of fixation, the speed 
of reaction and the specific rate constants (Parker, 1973). 
3.2.3 Isotope fractionation due to differences in the vapour 
pressures of isotopic compounds 
Differences in the vapour pressures of isotopic compounds lead to 
fractionation. For example, in the case of water, the lighter molecular 
species are enriched in the vapour phase, the extent depending upon the 
temperature and the rates of reaction. The process of evaporation can be 
described ns a Rnylcigh distil lat ion (for a discussion see Broeckcr and 
Overs by, 19 71) . In the case of water, for example, the change in the 
oxygen isotopic composition is given by: 
18 
o O(H 0) 
2 
(3.2) 
where o18o is the change in the isotopic composition of the water, f is 
the fractional amount of water left and a is the temperature-dependent 
fractionation factor. 
f 180 . o isotope in the water vapour of a cloud by successive stages of rain-
An example of Rayleigh distillation is the depletion 
drops release from that cloud (Dansgaard, 1964). When f becomes very small, 
18 o 0 becomes very large. The Rayleigh process thus leads to much higher 
67 
fractionation than processes in which the two phases are allowed to equilibrate 
by exchange. 
3. 3 Aspects of 180 and 13c distribution in the global system 
The brief review of the stable isotope fractionation factors and 
their dependency on physico~hemical processes leads to the conclusion 
that isotopic variability is to be expected within the main reservoirs at 
the Earth's surface, the variation depending on the nature of the fraction-
ation, its magnitude and the response of the system to the regulatory 
mechanisms. The ratios of oxygen and carbon isotopes in a marginal oceanic 
environment supporting coral reefs are regulated at two different levels: 
(i) The stable isotopes at any given location ,within the ocean 
system can vary through time for reasons related to global 
changes (e.g. climate). 
(ii) The local reservoir might fluctuate for reasons related 
entirely to local conditions and not necessarily reflecting 
a global trend. 
These two levels of the problem are discussed in turn in the ongoing 
sections, firstly dealing with the oxygen and carbon isotopes at the global 
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Figure 3.1 Oxygen isotope variations along the water cycle between 
the ocean - meteoric water - carbonate system, and the relevant 
isotopic fractionations (after Mook, 1970a; Hoefs, 1973; Aharon et al., 
1977; this work). 
Note: o18o standards SMOW (water system) 
PDB (carbonate system) 
Figure 3.2 The carbon isotope compositions of the carbon reservoirs 
d h "bl f h b d 13 ; 12 . b"l" an t e processes responsi e or t e o serve C C varia i ity 
(after Mook, 1970a; Craig, 1970; this work). The relative size 
of the major reservoirs are given as multiples of atmosphere content 
(6 x l0 17 g C). Content estimates after Scholle and Arthur (1980). 
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level and then presenting isotopic evidence and interpreting local 
fluctuations in the study area, separately at the specific levels of 
annual and diurnal variations. This section will outline the realistic 
isotopic levels in different parts of the global system, as they are 
known in the frame of the present climate and the discussion will be 
biased towards the marine environment. 
3.3.1 18o;16o variations 
70 
The oxygen isotope record from marine carbonates is principally coupled 
to oxygen in the water cycle via precipitation of calcium carbonate or 
indirectly through the carbonate system dissolved in the ocean. The ocean 
24 holds around 1.4•10 g H20 and the water reservoir locked today in the 
ice of the polar regions is 100 times smaller than the oceans. Other 
water reservoirs such as underground water, lakes and rivers and atmospheric 
-4 -5 
water are 10 and 10 the size of the ocean respectively (Weyl, 1970). 
Through evaporation-condensation-precipitation-runoff, the ocean interacts 
with the meteoric cycle, the entire water cycle having a turnover of 44,000 
years (Weyl, 1970). However, the mixing time of the ocean is much faster, 
d 1 600 f · . d . 14c . (B k aroun , years, a igure estimate using concentrations roec er, 
1974). 
Equilibrium and kinetic fractionations lead to variations of 18o;16o 
ratios across the system which are shown in Fig. 3.1. 18o;16o ratios in 
precipitation are substantially lower than in the ocean, especially at 
high latitudes and altitudes, caused by multiple stages of condensation 
and evaporation modelled according to the Rayleigh distillation process 
d ·b d · h · · 18o;16o rati"os · · 1 f i escri e in t e previous section. in materia s o organ c 
origin may differ substantially from local aqueous or atmospheric reservoirs 
due to fractionation during synthesis, which in turn is temperature-dependent 
1801160 . . . h ( 1 +l 5°/ ) . . to some extent. variations in t e ocean - to . originate 
oo 
almost entirely through interaction with the meteoric cycle and have been 
described in detail by Epstein and Mayeda (1953) and Craig and Gordon 
(1965). 
18 The 0-depleted precipitation is reflected on the local level as 
well as the global one. Firstly, mixing of the marginal ocean with the 
18 16 . 
runoff and precipitation will change the local sea water 0/ 0 ratio, 
according to the mixed fractional water volumes and the residence time of 
the sea water in the local environment. The dilution effect will be 
important in areas with seasonal rain patterns, which is the case 
I 
I 
for most coral reefs located in the tropical belt area. Secondly, 
changes of global ice volume, such as occurred throughout Pleistocene 
times, affect the mean 1801 160 ratio in the ocean and hence, the rest 
of the system (implicit in Fig. 3.1). For example, at the last glacial 
maximum around 18 kyr, about 4% of the present ocean water was locked up 
in the northern high latitude ice-caps and the oxygen isotope ratios in 
the ocean were about 1.2°; higher than today (Shackleton and Opdyke, 
00 
1973). This factor is extremely irnportnnt fcfr the inte.rpr0t:ntion of 
oxygen isotope records from Pleistocene marine carbonates and steps 
should be taken to disentangle it from 1801 160 changes due to temperature 
variations (see Chapter 5). On the other hand, gross changes of biomass 
have little effect on the oxygen isotope levels in any reservoir as the 
fraction of global oxygen in the biosphere is small (Garlick, 1970). 
3.3.2 13c;12c variations 
13 12 The carbon cycle is more complex as regards C/ C variations amongst 
the principal global reservoirs. Carbon is cycled between three main 
reservoirs, atmosphere, biosphere and oceans, with co2 as the principal 
currency of exchange. Fig. 3.2 shows the natural reservoirs of the carbon 
which take part in the carbon dioxide cycle for times less than a few 
thousand years, and indicates the isotopic signature of each reservoir, 
its relative size and the processes responsible for the isotopic fraction-
. 12 13 
ation. The two stable carbon isotopes C and C, together with the less 
abundant but highly significant radioactive 14c isotope participate in all 
exchanges, with isotopic fractionation ratios differing between particular 
pathways of exchange. 
On land, the carbon dioxide is taken up by vegetation via photo-
synthesis and stored in plants and humus. This reservoir is three times 
bigger than the atmosphere and the exchange time via respiration and 
o~idation of soil organics is probably of the order of 30 to 40 years 
(Martin, 1970). The ocean provides a much larger reservoir and has the 
potential for storing some sixty times as much carbon dioxide as the 
atmosphere. The upper layer of the ocean must, however, be distinguished 
from the deeper layers of the ocean. There is a relatively thin (70 to 100 
m) warm layer of water lying above colder and denser water beneath, 
fl 
separated by the transitional thermocline layer. This is an efficient 
barrier to the mixing of the lower and upper water of the ocean between which 
the isotopic exclwngc is mainly via the carbonate chemical system (Craig, 
f_-
I 
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1970). Studies of 14c concentration suggest that exchange between the 
atmosphere and the well mixed upper layer of the ocean requires some 5 to 
10 years (Broecker, 1974). However, transfer from the deep ocean to the 
upper layer is a slower process of the order of 300 to 500 years (op.cit.). 
13
c; 12c ratio in ocean surface waters is controlled by factors which 
affect chemical exchange coefficients, such as temperature (Macintyre, 
1979), and those which affect transport rates of ocean masses and 
atmospheric circulation (Shackleton, 1977). A change of biomass will 
13 12 
affect global C/ C because organic compounds contain a 
large fraction of the cycling carbon and a 13c content ahout 
-20 to -27°; lower than the other reservoirs (Parker, 1973). For this 
00 
reason, burning of fossil fuel, which has altered co2 levels in the 
atmosphere, has a detectable effect on 13c; 12 c ratios in the different 
reservoir compartments in Figure 3.2 and the organisms living therein 
(Broecker et al., 1979). 
An assessment of the carbon system response to climatic changes in a 
4 5 time span of 10 10 years, and the relevance of carbon isotope data 
from New Guinea coral reefs to this highly contentious topic, will be 
discussed in detail in Chapter 7. 
3.3.3 Carbon and oxygen isotopes in calcium carbonate precipitation 
In the following treatment of the carbon and oxygen isotope partition-
ing within the co2-bicarbonate-carbonate system, we assume equilibrium 
(slow, reversible) reactions accompanied by isotopic fractionation. 
Discussion is biased toward relevant isotopic fractionations in the marine 
environment. The chemical reactions describing the precipitation (and 
dissolution) of calcium carbonate from sea water in an open system, involve 
various carbon species dissolved in the ocean in equilibrium with atmospheric 
co2(aq) + 
+ -+ +-
co 2(aq) 
co 2-
. 3 
~ 
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Carbon and oxygen isotopes are exchanged between these different phases 
in proportions which are affected by temperature. Equilibrium exists in 
sea water because physical mixing rates are slow and residence times are 
long compared to the rates of the above reactions (in the slowest reaction 
in the system, H20 + co2 ~ H2co 3, the co2 has a half life of several 
seconds; Mook, 1970b). 
The carbon isotope composition of the precipitated Caco 3 is 
determined by that of the dissolved hicnrbonnte and by the isotopic 
13 
enrichment involved in the precipitation reaction, EHCO (CaC0 3): 
13 8 C(HCO ) 
3 
+ 
3 
13 
E HCO (CaC0 3) 3 
(3. 3) 
13 Because the measured 8 C value in water is that of total dissolved carbon 
content ~co 2 in the solution (see Chapter 1 for the description of the 
analytical method) and the bicarbonate is approximately 90% of ~co2 in 13 
normal sea water, 8 C of the HC0 3 fraction must be corrected from the 13 
measured 8 C value (Mook, 1970b). Thus: 
13 13 
fC0 2 (aq) 
13 (C02 ) () C(HCO ) 8 C (~CO ) . E Hco; 3 2 aq 
(3. 4) 
fC0 2- 13 (co;-) . E Hco; 3 
13 
where 8 c o::co
2
) is the measured carbon isotope composition of the total 
dissolved carbon in water, f is the fractional concentration of dissolved 
carbonate system components which are pH, temperature and water salinity 
13 2-dependent, and E HCO (co2 aq), (co 3 ) is the isotopic enrichment factor 
between dissolved co~ or carbonate ion in solution and bicarbonate, 
according to equation (3.1). 
The 6180 composition of the Caco 3 is determined by that of the water 
and the respective fractionation factor, 
18 
8 O(H 0) 
2 
(3.5) 
Table 3.1 indicates the sensitivity to temperature of the various 
carbon and oxygen isotope enrichment factors (E) involved in the carbonate 
system equilibria and the precipitation of a calcium carbonate phase. 
The tabulated values show clearly that the experimental oxygen isotope 
enrichment between calcium carbonate and water is strongly temperature 
dependent (-0.23°/ / 0 c), in contrast to the carbon isotope enrichment 
00 
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Table 3.1 
Carbon and Oxygen isotope enrichment factors involved in the 
carbonate equilibria and the deposition of. calcium carbonate 
Carbon Species 
co2 (nq)-C0 2(gas) 
Hco;(aq)-co2 (gas) 
co 3(aq)-co 2 (gas) 
CaC03(s)-c02 (gas) 
CaC0 3(s)-HCO;(aq) 
calcite-Hco;(aq) 
aragonite-calcite 
If at 25°c 
Oxygen Species 
calcite - water 
co 2(gas) - water 
-1.06 
+7.99+0.12 
+7. 6 
+9.9+0.18 
+1. 91+0. 23 
+0.9+ 0.2 
+0.9 
+1.8 
-2.08 
+9.34 
water(1) - water(v) +9.33 
+0.79 
aragonite - calcite 
+0.6 
If at 25°c 
dE/dt( 0 / /oC) 
00 
-0.004 
-0.108+0.005 
-0.l 
-0.06+0.008 
+0.035+0.013 
(theoretical 
value) 
(experimental 
value) 
dE/dt(0 / /°C) 
00 
-0.23 
-0.19 
-0.09 
(theoretical 
value) 
(experimental 
value) 
Reference 
Vogel ct nl. (1.970) 
Mook et al. (1974) 
Thoele et al. (1965) 
Emrich et al. (1970) 
Emrich et al. (1970) 
Rubinson & Clayton 
(1969) 
Rubinson & Clayton 
(1969) 
Reference 
Epstein et al. (1953) 
O'Neil & Adami (1969) 
Maj zoub ( 19 71) 
Tarutani et al. (1969) 
i 
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between the solid phase and dissolved bicarbonate (+0.035°/ / 0 c). Several 
. 00 
other points require further clarification. Firstly, it is observed that the 
c;
18
o composition of the Caco3 decreases with rising ambient temperature, 
h · 1 ~ 13c · · · f · · 1 h · h w i e u composition increases or a simi ar c ange in temperature. T ese 
different responses of stable isotopes to temperature provide one means by 
which environmental temperature can be separated from other factors. 
Secondly, experimental and theoretical work indicate that calcium carbonate 
polymorphs incorporate the oxygen isotopes in different proportions for 
identical ambient conditions. Tarutani et al. (1969) have shown that 
. . 180 1 . aragonite contains more re ative to a coexisting calcite by 0.6 to 
0.8°/ at 25°c (Table 3.1, lower). 
00 
As most reef material is aragonite by 
origin and as the temperature dependency of the oxygen isotope enrichment 
has been established experimentally on calcite (O'Neil et al., 1969) or on 
mixtures of calcite-aragonite biogenic material (Epstein et al., 1953), 
adequate isotopic corrections are necessary. Thirdly, the carbon isotopic 
enrichment between the Caco 3 polymorphys (i.e. aragonite, calcite) are not 
well known and this point is illustrated in Table 3.1 by the discrepancies 
observed between the experimental estimates of Emrich et al. (1970) and 
0 Rubinson and Clayton (1969). The figures disagree by as much as 1 I for 
00 
identical ambient temperatures. However, because Emrich et al. (op.cit.) 
have multiple temperature control points as against the single point (25°C) 
of Rubinson and Clayton (1969), it can be argued that the farmer's 
enrichment factors have an apparent higher credibility. The theoretical 
d · · f 13c · i · h it 1 t · t i ti pre iction o enric1ment in t e aragon e re a ive o a coex s ng 
calcite (Table 3.1, upper) has yet to be substantiated by careful experimental 
work. 
3.4 The isotopic chemistry of the water and carbon cycle on the 
Huon coast, New Guinea 
The previous sections indicate that carbon and oxygen isotopes 
in calcium carbonate precipitated·biogenetically from sea-water will vary 
not only with temperature but also with several other parameters. Hence, 
a study of the isotopic chemistry of the regional and local hydrological 
cycle is necessary for the subsequent palaeoclimatic investigations. 
The northeast Huon coastal waters have not been fully sampled for 
stable isotope measurements. A limited number of water samples (a total 
of 14) were collected by the author during the field work between August -
November, 1977 from Tewae River, Vitiaz Strait and from a continuous 24 
I .J 
f. 
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hour profile in Sialum lagoon. OD, o18o, and o13c compositions have been 
determined for these samples. Stable isotopes in regional rainfall are 
known from routinely analysed rain samples from Madang and Djajapura 
(see location map in Fig. 1.2) meteorological stations (I.A.E.A., 1979). 
Analytical results, together with sample location and environmental 
description are summarized in Table 3.2. The methods of sampling 4nd 
the experimental techniques are described in Chapter 1. Temperature and 
pH measurements were performed in situ and salinity determinations in the 
laboratory. 
The isotopic results in Table 3.2 fall into two distinct groups: 
meteoric and runoff water, and sea water. The meteoric waters are unusually 
18 18 0 0 depleted in both 0 and D (mean o 0 = -9.9 I ; OD= -64.4 I ) for a 
00 00 
subequatorial site with a moderate altitude of the catchment area (Dansgaard, 
1964). The results are in accordance with those for meteoric water 
samples from New Britain-Bougainville area reported by Ford and Green (1977) 
and Green et al. (1978). Long term OD and o18o monthly measurements in 
lb 
rain water from the region (I.A.E.A., 1979) indicate the seasonal existence 
of two air masses over New Guinea with obvious isotopic distinction. These 
are the summer monsoon which is unusually depleted in 180 and D (o 18o ~ -10° I 
00 
and o D ~ ·-70° I ) and the south-east Trades during the winter which is 
00 
distinctly heavier (o 18o ~ -4 ° I ; o D ~ -20° I ) . Since groundwater is 
00 00 
considered to be the main source of the rivers in the study area, the Os 
of river water should reflect that of the precipitation in the catchment 
area. In this case, the isotopic values of the Tewae River (o 18o = -9.9°/ ; 
00 
oD = -64.4°/ ) match almost exactly the isotopic composition of the 
00 
abundant summer monsoon rain which is likely to be the season of maximum 
infiltration. 
The relatively light carbon isotopic composition of the river water 
13 0 (o C = -5. 20 I ) can best be explained in terms of "normal" groundwater 
00 
originating from rain water infiltrating through the soil. The soil co2 
(o 13c ~ -24.5°/ ) and the soil limestone (o 13c ~ 0+2°/ ) create 
00 13 - 00 
bicarbonate having o C values that depend both on the amount of co 2 
generated by the soil and on the abundance of limestone (Mook, 1970b). Since 
the Tewae River is a rapid stream and hence the isotopic exchange with the 
atmospheric co2 is minimum, a simple mass-balance calculation shows that 
~80% of the dissolved carbonate comes from soil limestone and the other 
20% from soil organics. This is consistent with the geology of the catch-
ment area being Miocene limestone and coral reef terraces. 
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TABLE 3.2 
Stable isotope data and hydrological parameters of sea-water and meteoric water 
samples from the northeast Huon coast, New Guinea 
Samples Samples Location Collection 18 13 Salinity * <ID SMOW 0 O SMOW 6 C PD8 pH 
Code and Description Time ( 0 Joo) ( 0 Joo) ( 0 Joo) ( 0 Joo) oC 
TW-1 "' 200 m upstream from Tewae 6.9.1977 -63. 3 -9.89 -5.22 ± 0.1 ni 1 21.8 6.80 River mouth. 
TW-2 -65. 6 -10.01 -4.84 ± 0.1 ni 1 22 .1 7 .80 
TW-3 -64. 0 -9. 73 -5.47 ± 0.1 nil 22 .1 7. 96 
TW-4 
-64. 6 -9.89 -5.26 ± 0.1 nil 22. 4 8.10 
VS-1 Vitaz Strait sea water from 20.10.1977 +1.2 -0. 07 +0.46 ± 0.05 34. 9 27 the surface. 
SL-1 Sia l um Lagoon, on the top of 18.10.1977 
the active shallow reef, 1. 5- 12°-" -0. 9 +0.18 +0.90 ± 0.2 36 .3 27. 8 8.23 2 m depth. 
SL-2 15°-" +3.9 +0.08 +0.31 ± 0.2 36. 5 28.0 8. 25 
SL-3 180-" + 1. 9 +O. 27 -0.54±0.l 36. 3 27. 5 8. 25 
SL-4 21°-" +0.5 +0.15 -0. 54 ± 0. 2 36. 3 26. 9 8.15 
SL-5 24°-" +3. 3 +0.15 -0.88 ± 0.05 36. 4 26. 7 8.10 
SL-6 19.10.1977 
03°.9 
+2 .1 +0.24 -0.66 ± 0.07 36.4 26.6 8.05 
SL-7 06~ +1.5 +O. 26 -0.72 ± 0.1 36. 3 26. 6 7. 98 
SL-8 09°-" +1.6 +0.10 +0.55 ± 0.2 35. 9 26 .8 8.15 
SL-9 12~9 +2 .1 +0.19 +O. 66 ' 0.1 35. 4 27. 3 8. 25 
SW-2# Sea water, Matupi New Britain 4.4.1975 -1. 4 +0.1 35. l 
SW-5# Sea water, Rabaul harbour 14. 3 .1975 +O. 3 +0.4 34. 7 27. 0 
K-6# Non-theni1a 1 stream 14.3.1975 -46 .0 -7. 3 0.1 29. 0 
K-7# Rain water, Rabaul Observ. 14-16.2. 75 -85. 2 -11. 9 nil 24. 0 
Data from Green et al . (1978). Over a 11 errors are estimated from duplicates to be no 
Measured with a Jenco Digital pH meter 607 and a greater than ± i
0 Joo for <ID and ± 0.1° Joo for o18o. 
combination glass electrode . 
If 
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The coastal sea water has oxygen and hydrogen isotopic compositions 
close to that .of SMOW and the lagoon waters are slightly enriched by 
evaporation. Keeling (1961) measured the carbon isotopic composition of 
co2 for the marine atmosphere in the East Pacific at a minimum µC0 2 of 
314 and 013 of - 7 .1°; Assuming a similar value ppm reported a C value . 
00 13 for the atmospheric co2 above the Vitiaz Strait, the calculated 0 C value 
of the dissolved sea-water bicarbonate in isotopic equilibrium with the 
atmospheric co2 shoul<l be: 
13 
o C(CO ) 
2 atm. 
= + 0.67°/ 
00 
-7.1 + 7.77 
78 
(E13 (C02 ) = -7.77°; at t 27°C according to Table 3.1). The measured Hco- g 00 
3 
13 
0 CHCO- of 
3 
+o. 56°/ 
00 
for the coastal waters is in excellent agreement with 
13 0 
the expected value (0 C(LCO~= +0.46 /
00 
and corrected for isotopic fraction-
ation occurring in the dissolved carbonate system - see section 3.3.3). 
However, all the samples collected at night in the lagoon water above the 
active shallow reef are clearly not in equilibrium with the atmospheric co2 
and are discussed below in more detail. 
3.4.1 Diurnal variations in the 18o;16o and 13c;12c ratios of sea-water 
in Sialum lagoon 
Stable isotope levels in a coral reef environment not only will vary 
with admixture of meteoric and oceanic waters, but also will be affected by 
biochemical influences on the dissolved carbonate system by the reef itself. 
Round-the-clock sampling in a shallow coral reef environment might shed 
light on the contribution of biological processes to the isotopic chemistry 
of the water as a function of sunligh~ and the significance of temporal 
variability in coral reef environments. This assessment is important for 
the interpretation of the isotopic compositions in reef material. 
18o;16o and 13c;12c diurnal variations in water samples collected on 
top of the active shallow reef in Sialum lagoon are illustrated in Fig. 3.3. 
Whereas no detectable variations beyond the analytical limits of precision are 
evident on the oxygen isotope diurnal record, significant changes are regis-
tered by the carbon isotopes, in particular at the transition between day-
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Figure 3.3 Diurnal variations in the oxygen and carbon isotope 
compositions of sea water in the Sialum lagoon. The bars are lo 
standard error. 
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light and darkness and vice versa. o13c values of the dissolved inorganic 
carbon in the lagoon water exhibit marked positive values of up to +0,9°; 
during daylight, compared with 13c depletion during darkness to a minimun°
0 
of -0.9~ . There is a positive correlation between the above behaviour 
00 
of carbon isotopes and the water pH record (Table 3.2) which may be due to 
8U 
fluctuations in the ambient water temperature or contributions of metabolic 
processes to the inorganic dissolved carbon system. Both o13c and pH values 
are temperature dependent according to the relative distribution of the 
dissolved carbon species and the hydrogen ion activity, respectively. Since 
the change in the ambient water temperature (l.4°C - Table 3.2) can only be 
responsible for an insignificant amount (0.02 units pH and 0.004°/ o13c 
oo o::co2) 
of the recorded variability, it is concluded that metabolic processes 
re·lated to the coral reef ecosystem are important means of defining the 
o13c composition of the dissolved carbon in shallow coastal waters. Viewed 
this way, the diurnal o13c and pH fluctuations can be attributed to a 
periodic change in the balance of the opposing processes of respiration 
and photosynthesis. Both processes are associated with significant carbon 
isotope fractionation as the light isotope 12c, is preferentially incorpor-
ated into the organic material (Parker, 1973). Thus daylight photosyn-
h · d h h · h f h h · · 13c · t esis is associate wit t e enric ment o t e eavier isotope in 
the reservoir of dissolved carbon in sea water. Respiration, the reversal 
of the above process, is responsible for the input of co2 labelled with 
1 . h 12c · · h ig t isotope into t e water. 
Diurnal variations in the 13c;12c ratio of dissolved carbon in coral 
reef environments have been investigated previously by Weber and Woodhead 
(1971). They found o13c differences, between day-light and night-time water 
samples from six different regions to range from 0.59°/ at Saipan, 
00 0 Mariana Islands to 1.46 / at Heron Island, the Great Barrier Reef of 
00 
Australia. The Sialum result (1.3°/ ) is near the upper end of this 
00 range. 
The .dynamics of water exchange between Sialum lagoon and the open sea are 
important to any further interpretation. The reef perimeter allows total 
water exchange during high tides. The water in the lagoon is partly 
ponded during low tides, at which time the level of the open sea falls 
below the slightly elevated rim at the reef edge. As such, the best 
estimate of the biomass contribution to the o13c composition on the reef 
will be during ebb tide. At this time the sea water flows almost unidirect-
ional from the reef into the open sea. The following numerical example will 
illustrate the estimated contribution of the biomass to the o13c composition 
in the coral reef water. 
J 
.,..... .. 
I 
I 
Consider a simple mass balance equation, where the metabolic 
respiration process and the sea-water inorganic carbon are the only 
contributors to the 13c; 12c ratio of Eco2 in the lagoon. During the 
darkness at ebb tide: 
= -
= -
x. 
1 
0.88°/ 
00 
+ o. 46° I 
00 
13.5°/ 
00 
x. = 
1 
x. • 
1 
(1 - x.) 
1 
13 (maximum C depletion in Sialum lagoon <luring 
darkness at ebb tide). 
(value measured in the open sea sample from Vitiaz 
Strait).· 
(value assumed for respiratory co2 released into 
lagoon water, Gareau, 1977). 
(the relative contribution of the respiratory co2 to the inorganic dissolved carbon in the 
lagoon). 
- 0.88 - 0.46 
= = 0.096 
-13.5 - 0.46 
The maximum contribution of the coral reef biomass is therefore ::::10% of 
the total dissolved carbon Eco2 • Variations in the isotopic composition 
of dissolved inorganic carbon in a coral reef environment has great 
13 12 . geochemical significance, as the C/ C ratio of any carbonate depends 
upon the o13c value of the dissolved total carbon. Therefore, biogenic 
carbonates from the same environment which are preferentially deposited 
at certain times of day may display a range of values, according to the 
time of crystallization. 
3.5 Oxygen and carbon isotopes in reefs : giant clams and corals 
Long-lived organisms with marked skeletal growth bands are the most 
useful for analysis of past environment changes using stable isotopes. The 
organisms need to be sufficiently abundant to allow detailed analysis of 
reef unit. Certain types of scleractinian corals and various species of 
Tridacna, the giant clam, meet these criteria. Tridacna have the important 
advantage that their skeletons are less subject to diagenetic alteration 
which can alter the original isotopic composition (discussed in Chapter 1). 
The first task in establishing an environmental probe based on stable 
isotopes in skeletal material is to determine lhc rcl::itionship in lhc 
skeletons and the parent reservoir. As 1801 160 ratios are more affected 
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TABLE 3. 3 
Oxygen and carbon isotope compositions of modern Tridacna aragoriite from various 
Inda-Pacific localities, and environmental data relevant to each locality 
Locality 
Huon Peninsula,New Guinea (6°8,147°36'E) 
#Rain Island (11°35'S, 144°02'E) 
#North Great Barrier Reef Province 
(14°28'8 to 14°44'8) 
#Low Isles (16°24'8• 145°33'E) 
* 0 0 Lady Elliot Reef (24 07'8, 152 46'E) 
Nuweiba, Red Sea (28°58'N, 34°38'E) 
Mean Annual 
water temp. 
(oC) 
27.9+0.3 
27.2+0.5 
26.5+0.7 
25.7+0.7 
24.4+0.8 
22.9+0.7 
18 0180 & o OSMOW PDE 
sea-water Tridacna 
(0/ ) 
00 
(0 ;· ) 
00 
-0.07 -1.64+0.22 
+0.20¢ 
-1.03+0. 02 
+0.20¢ 
-1.22+0.24 
-0.02¢ 
-0.76+0.04 
+0.40¢ 
-0.36+0.05 
+1.33 +0.79+0.03 
# Recent Tridacna collected by members of Great Barrier Reef Expedition, 1973. 
* 
o13c & 
PDE 
Tridacna 
(0/ ) 
00 
+2.28+0.26 
+3.04+0.02 
+2.62+0.22 
+2.37-t0.02 
+2.40+0.02 
+2.65+0.05 
•: '1111'"'' 
No. of 
analysed 
specimens 
10 
1 
12 
1 
2 
2 
Tridacna maxima analysed by P. Flood (pers.conun.) Other sources: Great Barrier Reef environmental data 
from Pickard et al. (1977). 
¢ Water salinity tr~slated into o18o according to the relationship given by Craig and Gordon (1965) for the 
Pacific Ocean surface water samples. Data from Nuweiba from Aharon (1974); other data, this study. 
& The isotopic compositions are group means for Tridacna analyses performed on the internal laminated layers. 
The uncertainties are la of population, number of specimens as shown in the last colunm. 
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Figure 3.4 Oxygen and carbon isotope relationships in Tridacna and 
various corals from the same reef environments. Coral data from Weber 
and Woodhead (1972a,b) and Erez (1978). Heavy crosses represent 
isotopic equilibrium values for aragonite precipitated in the same 
environments as the samples. 
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by changes in the environmental temperature than 13c;12c , o18o is used 
here for this purpose. Twenty-eight recent specimens of T.gigas, T.squamosa 
and T.maxima from the Great Barrier Reef provinces, northern New Guinea 
and the Red Sea were analysed for oxygen and carbon isotope ratios. The 
results, accompanied by relevant parameters characteristic of each specific 
reef environment, are tabulated in Table 3.3. The analytical procedures 
were described in detail in Chapter 1. Corals and Tridacna both form 
CaC0 3 exoskeletons of aragonite. The theoretical (thermodynamic 
equilibrium) value for aragonite precipitating in sea water having o18o 
of 0. 0° I SMOW at .25°C is -1. 29° I (Tarutani et al. , 1969). Tridacna 
00 00 
aragonite approaches this figure more closely than corals, and corals 
show considerably greater variation than Tridacna. Values of o18o and 
~ 13c · 11· · h ·d 1 h · h d' u in cora ine aragonite vary muc more w1 e y t an in t e surroun ing 
sea water. Measurements from corals show a o18o range of 4°/ and a o13c 
00 
0 
range of 13 I (Weber and Woodhead, 1970; 
00 
Land et al., 1975). Tridacna 
on the other hand, shows a consistent temperature-dependent variation of 
18 13 0 o 0 and a relatively narrow o C range (0.76 I ) in the same set of 
oo 
samples (Table 3.3). Typical isotopic values from corals and Tridacna 
from the same reef environments are compared in Figure 3.4. Clearly, 
Tridacna offers a superior probe, closely matching the isotopic values for 
aragonite precipitated in equilibrium with the surrounding water (Fig. 
3.4). This feature is best illustrated by samples from the Red Sea, where 
Tridacna registers the presence of the highly evaporated sea water and 
relatively lower temperature but the corals do not, exhibiting instead 
o18o values similar to corals from New Guinea and the Great Barrier 
Reef provinces. 
The isotopic compositions of the carbonate skeletons may now be related 
to the isotopic composition and temperature of the water in which the 
calcifying organisms grow. There are two practical ways of calibrating an 
oxygen isotope thermometer: 
(i) 
(ii) 
Growth of specimens under controlled conditions in the laboratory 
and isotopic analyses performed on increments from the living 
specimen's shell. 
Isotopic analyses of a large number of monospecific specimens 
living in similar environments, widely-separated in terms of 
temperature. This approach requires a good knowledge of the 
particular environment in each case. 
Epstein and others (1953) were the first to calibrate an oxygen 
I 
i 
30 
29 
28 
27 
26 
25 
24 
23 
[T°C = -1.93 -5.77 o~80] 
Ga/axea g. 
• 
[T°C = 21.30 -4.42 o 1~0] 
T ridac no sp. 
22-+~~~-..,..~~~---,.~~~----,,--~~~r-~~~....-~~~.---~~~~ 
-7.0 -6.0 -5.0 -4.0 -3.0 -'-2.0 -1.0 0.0 
.A. Theoretical isotopic value for aragonite at 25 °C (Tarutani et.al., 1969) 
Figure 3.5 18 16 . 0/ 0 thermometer for Tridacna aragonite (data in Table 
3.3; note - bracketed figures are numbers of specimens at each averaged 
point). Regression line fitted by cubic method (York, 1969). Also 
shown are results for the hermatypic coral, Galaxea (Weber, 1977). 
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isotope thermometer from biogenic materials using the first approach. 
18 16 Here, the 0/ 0 thermometer for Tridacna aragonite was calculated by 
regressing the relevant data in Table 3.3 using York's (1969) two error 
method (second calibration approach above). 
(°C)T = 21.30 - 4.42[o 18o (sample) - o18o (seawater)] (3. 7) 
where 
o
18o (sample) is the observed oxygen isotope composition on PDB scale of 
a Tridacna aragonite. 
o
18o (seawater) is the observed oxygen isotope composition on SMOW scale 
of the sea water. 
T is the sea-water ambient temperature in Celsius degrees. 
This equation describing the temperature dependency of o18o variations in 
Tridacna has a slope of 0.23°; per Celsius degreeswhich agrees well with 
00 
the theoretical ~rediction of Urey (1947). The equation 
. ~18 0 0 . 
also predicts a u 0 value of -0. 8Lf + 0. 05 I at 25 C wlnch is close to the 
18 - 00 
0 enrichment in aragonite relative to a coexisting calcite calculated by 
Tarutani et al. (1969). The possibility of using corals as 
a probe must not be dismissed. Careful work with a single species taken 
from similar sites across a range of reefs with different mean annual 
temperature,can show a good relationship between o18o and temperature. The 
best available example is for the hermatypic coral, Galaxea (Weber, 1977) 
which is compared in Figure 3.5 with the Tridacna results. Although the 
data are offset from the theoretical values for aragonite (at 25°c, o18o 
-4.67°; ) and have a different temperature dependency (-0.17°/ / 0 c ) 
00 00 ' 
the latter is quite well defined. 
3.6 Detailed testing of the Tridacna probe : Seasonal variations 
The most interesting test of an isotopic probe based on a growth-
banded, continuously accumulating material, lies in its seasonal signal. 
Wilson and Grinsted (1975, 1977) have shown that the potential is good for 
interpreting seasonal temperature and rainfall from tree rings, using 
o
18
o, o13c and oD, although interpretation is complicated by lags and other 
factors in tree metabolism and growth. Corals, building their exoskeletons 
-1 
at around 1 cm.yr can be resolved into annual growth bands (Emiliani 
et al., 1978; Fairbanks and Dodge, 1979). It was previously shown (Chapter 
2) that Tridacna offers even higher resolution, in particular T.gigas 
-1 -1 . 
species (up to 2 cm.yr in the internal laminated layers and 8 cm.yr in 
OU 
the external prismatic layers). Providing that one can identify the seasonal 
I 
' 
U/ 
changes in the modern environment as they are reflected upon the isotopic 
ratios of carbon and oxygen isotopes, similar fluctuations in the fossil 
material can be used to interpret seasonal variations in past environments. 
It is also intended to investigate the following problems on a seasonal level. 
Firstly, to determine whether the carbon and oxygen isotope composition 
of an internal laminated layer is identical or different to an external 
prismatic one of the same year and season (the different morphological 
layers are deposited by distinct parts of the mantle folds). Secondly, 
to establish whether the stable isotope signatures are seasonal in character, 
as the study of daily growth lines suggested they should be. 
Three recent Tridacna from northeast Huon coral reefs were selected 
for the above assignments. T~gigas (sample K-133) was collected alive 
on 7.10.1977 from the fringing reef crest at Sauawato, ~2 km northwest of 
Gitua and two T.squamosa (samples K-138 and K-144) were collected from 
Sialum lagoon shore, a few hundred metres east of Sialum Patrol Station. 
The T.squamosa samples were dead, with both valves disarticulated. It is 
not known when they lived, although excellent preservation of their 
ornamentation suggests that they were washed ashore from the modern reef 
in the recent years. 
Sequences of 53 o13c and o18o determinations from the growth increments 
of the three recent Tridacna are plotted in Figure 3.6. The isotopic results 
are also tabulated in Table D-1, Appendix D. Both internal and external growth 
layers were analysed in the T.gigas whereon the seasonal bands are well 
exposed (Plate VI,C) and facilitate high resolution sampling. The two 
scales in Fig. 3.6 were set by matching the first and last growth increment. 
Only the external layers were analysed in the small size T.squamosa K-144, 
as the internal layers in this smaller specimen are narrow. Analytical 
procedures for spot seasonal analysis are detailed in Chapter 1. An 
obvious periodic pattern is revealed by both oxygen and carbon isotope 
18 13 
compositions in the growth bands, o 0 and o C fluctuations being positively 
correlated (NB: Fig.3.6 has o18o plotted in the opposite sense to o13c; 
this is in accordance with the convention in Pleistocene studies where o18o 
is plotted negative - uµwards). Fu~thermore, the isotopic compositions 
fluctuate in phase with growth band density. The ligh~ low density 
layers (summer bands), coincide with relatively light o18o and o13c and the 
dark high density layers (winter bands) coincide with the heavier os. It 
is concluded, therefore, that the isotopic periodicity found in the growth 
layers is seasonal. Accordingly, T.gigas K-133 contains 5 years record from 
1972 to 1977, T.squamosa K-144 and K-138, 2~ years and l~ years respectively. 
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Figure 3.6 Seasonal variations of o18o and o13c, based on analyses 
from internal and external growth layers of modern Tridacna from 
northern New Guinea. 
88 
I 
• 
' 
Finally, both internal and external layers of K-133 exhibit a high degree 
of similarity in their isotopic signatures. Isotopic compositions of 
different morphological parts of the shell deposited at the same time 
thus appear to be identical. 
Although differing between one year and another, the isotopic 
compositions for summer bands, on one hand, and winter bands, on the other 
are similar between the three specimens, indicating a close association 
between seasonal periodicity along the northeast Huon coast and the 
recorded isotopic signal. An obvious question arising from these results 
concerns the physical conditions which cause the seasonal isotopic varia-
' 
tions. Possible solutions to this problem are outlined hy the following 
points. 
( 1) The isotopic variations shown in Figure 3.6 do not simply reflect 
seasonal temperatures because the temperature sensitivity of o13c is 
small and opposite in sign to 0180 
' 
as discussed earlier. In any 
case, annual sea-water temperature range in the Huon Peninsula area 
does not exceed ~2°C (see Fig. 2.lla) which could account for no 
more than 0.46°/ ('V60%) of the observed 0.75°/ variation in o18o. 
00 00 
(2) Northeastern Huon Peninsula is subject to strongly seasonal rainfall 
and high runoff in the Austral summer dilutes coastal sea water with 
fresh water which has o18o around -10°; SMOW. The summer growth 
18 00 
bands have more negative o 0 values corresponding to this dilution 
effect. 
(3) The o13c variations reflect a different type of seasonal effect 
related to variation in reef biomass productivity. As discussed 
earlier, o13c values are affected by biomass effects on the local 
sea-water reservoir. Values for the local water column become more 
positive as productivity increases (confirmed by water column 
measurements taken through the diurnal cycle - see Fig. 3.3). 
It is suggested that the increase of o13c by ~o.3°/ in the winter 
13 00 
growth bands relative to the o C values in the summer growth bands 
in Fig. 3.6 is due to greater productivity induced by the very much 
higher winter sunshine levels of the Huon coastal region (see Fig. 
2. 9). 
Points (2) and (3) require some further clarification. Three 
parameters are considered to affect the oxygen isotope composition of the 
sea water on a seasonal basis: 
(i) The ratio evaporation to precipitation (E/P). 
89 
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TABLE 3. 4 
The seasonality contrast of selected climatic elements 
in the northeast New Guinea region 
Climatic elements 
Sea surface temperature 
Precipitation (P) 
* Evaporation (E) 
E/P 
Cloudiness 
Effective solar radiation 
o18o (Precipitation) 
Direction of oceanic 
currents 
Austral Summer 
(monsoon) 
29°C 
2,250 mm 
(75%) 
805 mm 
0.36 
Maxima 
Lowest in January 
-10° I 
oo 
NW to SE 
Austral Winter 
(S.E,Trade) 
27°C 
7 50 mm 
(25%) 
1,020 mm 
1. 36 
Minima 
Highest in October 
-40/ 00 
SE to NW 
* The seasonal rate of evaporation is measured in Port Moresby area 
(Harris and Jacobson, 1972),which is considered of having a similar 
climatic pattern to the study area. 
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Figure 3.7 
Winter south-east trades, r!~ 
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h(m) Depth of the upper mixed layer in the Vitiaz Strait 
Model-dependent seasonal o18o composition of the mixed 
layer in the Vitiaz Strait as a function of its depth. 
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(ii) 
(iii) 
The isotopic composition of the precipitation. 
The depth of mixing of the upper layer relative to the amount 
of precipitation and evaporation. 
Table 3.4 shows that these parameters vary between seasons in a predictable 
way. The E/P ratio during the dry season is almost 4 times greater relative 
to the monsoon season, while on an annual basis, the ratio is close to 0.6 
or a surplus of precipitatio~ over evaporation. Moreover, the monsoon 
precipitation has a distinctive oxygen isotope signature and is unusually 
depleted in 180 relative to the southeast Trade rain. Although a low 
residence time of the water on the Huon coral reefs is recognized according 
to the geometry of the reefs and its relation to the Vitiaz Strait, 
the thickness of the mixed layer in the Vitiaz Strait flowing into the 
marginal reef environment is not precisely-known. Two equations, one for 
each season respectively are set to simulate the relationship between the 
relevant seasonal perturbations and the final oxygen isotope composition 
of the Vitiaz Strait sea water. 
(monsoonal summer) 018 
s 
018 • (1 - x) + x ·818 (SMOW) s s p.s. 
(3.8) 
-3 
- lOOO(f lO ·s_ 1) 
s 
(southeast trade winter) 
(3. 9) 
-3 
- lOOO(f lO ·s_ 1) 
w 
The equations include two parts: the first part takes into account the 
dilution effect of rain water upon the oxygen isotope composition of the 
mixed layer in the Vitiaz Strai4 and the second term includes the effect 
of evaporation expressed as an equilibrium Rayleigh distilation. The 
symbols 
018 
s ,w 
18 0 (SMOW) 
018 
p.s,w 
x 
s,w 
x = _L 
. h+p 
used in the above equations are as follows: 
the final oxygen isotope composition of the Vitiaz Strait 
mixed layer during the summer (s) and the winter (w). 
= o0 I 
00 
Oxygen isotope composition of the seasonal precipitation 
in the area. 
The fraction of seasonal rain mixed with the upper layer 
in the Vitiaz Strait. 
Where "p" is. the seasonal amount of precipitation and "h" 
is the thickness in metres of the mixed layer. 
... 
I 
I 
~ 
~· 
t. 
f 
s,w 
18 
E 
The fraction of water left after the evaporation process: 
f = 1 - h~ where E is the seasonal average amount of 
evaporation. 
The temperature-dependent oxygen isotope equilibrium 
fractionation between water and vapours (see Table 3.1). 
At t = 27°, E18=9.2°/ , and at t = 29°, E18 = 9.0°/ 
00 00 
The isotope ratios were calculated according to equations 3.8 and 3.9 
for the summer and the winter respectively, using relevant climatic data 
listed in Table 3.4 and varying the depth of the mixed layer between 5 and 
90 m. The simulated seasonal oxygen isotope levels of the mixed layer in 
the Vitiaz Strait are shown in Fig. 3.7. The relative departure between 
the two curves in Fig. 3.7 reflects the seasonal contrast in o18o tenns 
and both the absolute values as well as the isotopic contrast, apparently 
are strongly dependent on the depth of the mixed layer in the Strait and are 
modulated by the relevant environmental perturbations. 
Physical oceanography studies can place some limits to the depth of 
the upper layer mixed by the winds and currents for short time intervals. 
According to these studies (Weyl, 1970; Broecker, 1974), the thickness of 
93 
the upper layer in the ocean mixed instantly by the winds and currents may 
vary in between 40 m to 100 m. Consequently, the calculated seasonal contrast 
of 18o;16o ratio for the Vitiaz Strait upper layer will range in between 
0.5°/ to 0.2°/ or in tenns of absolute values a o18o of -0.36°/ to 
00 00 18 s 00 
-0.15°/ during the summer monsoon and o 0 of +0.16°/ to +0.06°/ 
00 w 00 00 
during the winter. 
The available monthly salinity charts for the Vitiaz Strait provide 
a test for the above model. The salinity curve in Figure 2.llb indicate a 
decrease in summer salinity of ~1.5°/ relative to the winter levels. 
00 
Translating the salinity seasonal contrast into o18o (SMOW), according to 
the relationship established by Craig and Gordon (1965) for the Pacific 
0 Ocean surface water, the estimated isotopic contrast is 0.4 I . Hence, 
1800 
the observed snllnity dntn confirm the sensonn] sen water 8 0 estimates 
derived from the model. 
o18o compositions of an arngonite deposited seasonally in isotopic 
equilibrium with the sea water in the Vitiaz Strait are listed below: 
Season to 18 o 0 (seawater) o18o(aragonite) o18o (Tridacna) 
(observed) (calculated) (calculated). (observed) 
Austral summer 29 -0.36 to -0.15 -2.1 to -1.9 -1. 8 
Austral winter 27 +0.16 to +0.06 -1.1 to -1. 2 -1.1 
NB: the depth of the mixed layer was taken as 40 m and 100 ID respectively. 
I 
I 
•·. 
The agreement observed between the calculated isotope ratios and the 
measured ones from Tridacna's seasonal growth layers supports the 
assumption that: 
(i) The coral reef water is a well mixed environment with the 
open sea. 
(ii) The small but significant o18o residual left after subtracting 
' 0 the seasonal temperature contrast (0.46 / ) can be explained 
00 18 
in terms of seasonal variations in sea-water o 0 composition 
resulting from periodical dilution and evaporation. 
On the other hand, biomass effect has the potential to obscure 
completely any carbon isotope equilibrium fractionation resulting from 
temperature changes and/or sea water dilution with runoff water, and is 
likely to dominate coral reef waters. Consider an imbalance in the 
living organic carbon system, by increasing or decreasing organic 
productivity in the coral reef. The imbalance might be the result of 
seasonal variations in effective solar radiation and/or sea water dilution 
stresses. The relative contribution of metabolic respiration is left at a 
constant rate of 10%, according to previous calibration. 
The working equation which relates organic productivity variations to 
the carbon isotope levels in the reef water should be: 
= (1 - x.)• 013 + 0.1 • oR13 - 0.1 • f • op13 
l s.w. 
(3.10) 
. 13 13 13 13 The isotope symbols in the above equation, o1 , o , oR and op are 1 s.w. 
the 3c;12c ratio of a lagoon or reef water LC02 , of the open sea LC02 , 
metabolic respiration and of organic matter synthesized by photosynthesis 
respectively. 
f P/R, where: 
P is the relative contribution of organic productivity to the reef water 
dissolved carbon. 
R is the relative contribution of metabolic respired co2 released into 
the reef water, left at a constant rate of 10% (see above). 
x. is the relative fraction of organic processes which contribute to the 
l 
LC02 level in the reef water. 
x. 
l 
R-P 
R+P (3.11) 
Note that metabolic respiration is releasing co2 into the reef water, 
while photosyn.thesis is withdrawing co 2 for the organic fixation processes. 
I 
• 
I 
~.· 
According to the above equation, if P =Rand oi3 = o~ 3 , then o~ 3 
0 
+0.46 I , as measured in the Vitiaz Strait water. The metabolic 
00 
respired co2 is considered by Gareau (1977) as having an isotopic 
013 
s.w. 
composition of -13.5°/ hence, it is assumed for the following estimates 
13 13 ° 0 
that OR ~op ~ -13. s0 I 00 In order to illustrate the case, a numerical 
example is given below: 
Season t 0 c P/R ol3c 13 o13c ol3c 
= 
L £HCO -(CaC03) 3 (aragonite)(Tridacna) 
(observed)(inferred)(calculat- (observed) (calculated)(observed) 
ed) 
Austral 29 0.8-0.9 0.1-0.3 2.0 2.1-2.3 2.0-2.2 
summer 
Austral 27 1.1-1. 2 0.6-0.8 1.9 2.5-2.7 2.3-2.6 
winter 
According to equation (3.10), a slight increase in the coral reef productivity 
relative to respiration during the dry season (P/R = 1.1) and a corresponding 
decrease in the monsoon season (P/R = 0.9), will be reflected on the carbon 
isotope composition of the dissolved carbon in the reef water by a change of 
0.3°/ A hypothetical aragonite precipitated from these waters during the 
00 
winter will be ~o.3°/ heavier than one deposited during the summer. The 
00 
estimates are in good agreement with the recorded o13c values in Tridacna's 
seasonal bands, both in sign and magnitude. However, it must be recognized 
that in this rather crude non-steady state model, three factors were ignored. 
Firstly, the rate of carbon isotope exchange with the atmospheric reservoir. 
This factor is believed to be insignificant if the residence time of the 
dissolved total carbon in the reef water is short. Secondly, possible 
seasonal changes in calcification rates of the coral reef calcifiers. 
Th . dl h 1 f fl . f h f d . ~ 13 .. ir y, t e vo ume o water re uxing ram t e ree an its u C composition. 
These factors were deliberately left out of the calculations since no 
relevant data are available for each individual coral reef formation. 
Two lines of evidence can be brought forward to support the inferred 
model which bears on the importance of coral reef ecosystem "productivity 
pulsations" synchronized with the seasonal climatic perturbations. 
(i) The theoretical maximum n~t photosynthesis in a water column may 
be estimated as a fllllction of the total amount of incoming solar 
radiation as is shown by Ryther (taken from Strickland, 1965). 
The lowest effective solar radiation in the study area is 394 
2 
cal/m /day in January (the peak of the summer monsoon), which 
2 
corresponds to a theoretical net productivity of 18 grC/m /day. 
; 
' 
The highest radiation is in October (the end of the dry winter), 
480 cal/m2/day, corresponding to 23 gr/m2/day. The radiation 
seasonality is equivalent to a change of 22% in organic 
productivity from summer to winter which in turn corresponds to 
a change in P/R ratio from 0.9 to 1.1, assuming R constant. 
(ii) Kinsey (1977) measured the seasonal coral reef organic production 
activity in two reef environments from the Great Barrier Reef 
of Australia. His data indicate that marked metabolic seasonality 
is a feature of coral reef environments. 
The proposed "seasonal coral reef pulsations" imprinted in Tridacna' s 
.i:-
13 
. . f h h b d h . . u C composition o t e growt an s as a very exciting prospect as a 
potential record of palaeoproductivity and is tested further (Chapter 5) 
through growth band analysis of specimens collected from the late 
Pleistocene raised reefs of the Huon Peninsula. 
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4.1 
CHAPTER 4 
NATURE OF THE UPLIFTED LOWEST REEF COMPLEXES ALONG 
NORTHEAST HUON PENINSULA 
Introduction 
This chapter examines the lowest reef complexes on the terrace flight. 
The flight consists of seven reef complexes and has associated broad 
barrier reef lagoons and narrow fringing reefs varying in elevation along 
the coast. Following a brief description of the sections and stratigraphic 
units sampled for stable isotope investigations, the criteria for identif-
ication of morphostratigraphic units and the concept of terrace formation 
are discussed. Special emphasis is placed on the successful employment 
of uplifted coral reef formations as sensitive tide gauges, radiometric 
clocks and sensitive geotectonic monitors. 
4.2 The sampling sections on the emerged reef terraces in the study 
area 
Three months of field work in the study area (August-November, 1977) 
were devoted mainly to a careful sampling of the coral reef terraces. Prior 
to sampling, however, a preliminary survey of the entire area was necessary 
in order to become familiar with the general geology and to recognize the 
specific problems of eoch reef complex. The correlation of the reef 
terraces between separate traverses could not be based on the elevation 
of the reef tract alone, since the area has been differentially tilted. 
In addition, numerous faults with a strike slip component cut across the 
terraces, require careful observation of the reef trends. Hence, the field 
correlation of the various tract segments was bas-ed on stereoscopic 
examination of the available aerial photographs (scale 1:16,000), and the 
terraces thus identified were checked in the field by investigating and 
sampling outcrops developed in gullies and deep river gorges. Coral-reef 
facies geometries corresponding to these reefs were worked out from field 
investigations. In general, the distribution of facies (forereef sediments-
reef crest-backreef) as indicated by field observations provided vital con-
trol, substantiation of inferred air photo reef trends, and correlation of 
the reef terraces. Areas of local faulting which disrupt continuous reef 
trends can be delineated and correlations can be made across them. Also, 
features such as erosional benches in contrast to depositional coral reef 
terraces are readily detectable from aerial photos. In order to provide an 
":JI 
I 
• I 
unbiased sampling of the entire succession of raised reefs comprising 
the lower third of the reef complexes, three separate traverses were 
taken across the coastal strip and the first steep flight of narrow terraces. 
The geographical location of the traverses on the surveyed sections 
is illustrated in Figure 4.1. The sections were selected according to the 
following criteria: 
(i) They are the least affected by the faulting pattern. Hence, an 
(ii) 
(iii) 
(iv) 
almost continuous traverse normal to the coast up to the first 
broad lagoon depression was feasible. 
They are representative of areas with distinct uplift histories. 
Kanzarua section is located 15 km southeast from Sialum section, 
which in turn is 25 km apart from Gagar Anununai section to the 
northwest. Therefore, the sampling was intended to homogenize 
any point effects, such as proximity to a fresh water outlet, 
degree of reef development, variations in the rainfall pattern 
(see Chapter 2), etc. 
Notwithstanding the clear distinction between the traverses, 
stratigraphic correlations between them can be clearly traced 
on the ground, although vertical compression of the sequence at 
Sialum makes some reefs more difficult to separate there. 
In order to study the facies relationship and to sample the deeper parts of 
reef complex VII, an additional short traverse was taken along the deep 
gorge cut by the Sazum River, 3 km southeas't of Gi tua village (Fig. 4 .1). 
4.2.1 Description of sections and stratigraphic units 
An examination of the numerous exposures in the stream gullies cutting 
through the terraces has established that the emerged terraces have distinct 
reef facies which are associated with the constructional features of an 
ordinary coral reef formation. An important guide to the identification 
of the horizontal limits of particular reef zones is provided by studies 
of the modern reef system (e.g. Sialum lagoon and barrier reef in this 
study; Gitua lagoon in Chappell, 1974a). A reef crest assemblage is 
discriminated from the outer living reef (the fore reef f acics) and lanclward 
from a rear zone (backreef facies) in the case of fringing reefs, or a 
lagoon zone in the case of a barrier reef. A distinct coral zonation related 
to the depth-habitat and the inferred levels of wave energy follows the 
facies geometries, each zone represented by coral species abundant among the 
Inda-Pacific coral reefs. 
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Figure 4.1 Location map of the surveyed sections on the northeast Huon 
Peninsula. The first flight of terraces from modern to reef VII are 
confined between the coast and the hatchured arrows. 
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Figure 4.2 Maps of reef tract distribution drawn from aerial photo-
graphs (1:16,000) and field observations. A coral reef unit is 
identified by a Roman numeral and represented by reef crest and back-
reef facies. Samples collected in situ for stable isotope investi-
gations are plotted at the exact field location. The figures in 
parentheses are the elevation in metres, after Bloom et al. (1974) 
and Dunkerley (1976). 
a. Kanzarua Section. 
b. Sialum Section. 
c. Gagar Anununai Section. 
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Figure 4.3 Cross sections taken normal to the coast up to reef VII. The 
, facies geometries were determined by field investigations, following the 
~.. facies definitions of Chappel (1974a). Coral reef terraces marked with an 
r~ asterisk were sampled for stable isotope investigations. Sampling points 
shown by Tridacna gigas symbol (T) . 
a. Kanzarua. 
b. Sialum. 
c. Gagar Anununai. 
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Maps illustrating the distribution of lower reef complex tracts at 
the three surveyed sections are shown in Fig. 4.2a,b,c. Each individual 
morphostratigraphic unit is represented by the reef crest and backreef 
facies and the field locations of the collected samples are identified. 
Coral reefs and associated sediments which can be traced continuously 
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along the coast are indicated by a Roman numeral (terraces I to VII from the 
coast landwards) according to Chappell (1974a), and nomenclature such as 
age ("the 120,000 B.P. terrace"), or descriptive ("the Kamuzam reef terrace"), 
is avoided. However, several of the numbered reef terraces, in particula!'.' 
III and VII, become multiple when traced southeastward into the area of 
more rapid uplift. For that reason, a group of closely related terraces 
have been assigned with letters such as units VIIb and VIIa, reefs Illa, 
IIIb and Ille etc. The particular characteristics of each traverse is best 
shown in the separate cross sections drawn in Figs. 4.3a,b,c. The traverses 
were terminated at the inner fringing reef VIIa, on the landward side of 
the wide lagoonal depression, behind the first broad terrace represented 
by the barrier reef VIIb. The cross sections illustrate the general 
geomorphic continuity of the reef complexes, but also indicate the 
difficulty of precise correlation on the ground with terraces that are known 
to merge or diverge laterally on a terrain crossed by numerous minor faults. 
A brief description of each of the surveyed sections and the supported coral 
reefs is given in the following paragraphs, stressing in particular specific 
problems of sampling, relevant to the evaluation of stable isotope data. 
(1) Kanzarua Section 
This section is located in the southeast corner of the study area, 
adjacent to the axis of maximum tilt around Tewae River (Fig. 4.1), and hence 
the emerged coral reef terraces are uplifted to higher elevations relative 
to their counterparts from the two northwest sections. An oblique low 
angle aerial photograph (Plate I, A) illustrates the broad characteristics 
of this segment of the coast. The morphostratigraphic reef units are 
distinctly separated from each other glving a better time resolution than 
nny other soctlon. In contr<tst to the terrnccs in the northwest, where the 
lower terraced group culminate with a broad barrier reef and lagoon associa-
tion (VIIb), at Kanzarua and around Tewae River, VIIb and VIIa both are 
represented by narrow, steep fringing reefs. 
From the coast landwards, the sequence of coral reef terraces starts 
with a small and completely emerged counterpart of the larger barrier reef I 
•· ,. 
i 
' 
and lagoon formations that occur further northwest along the coast. 
Reef I crest stands at a recorded height of 15 m (Fig. 4.2a) and a gravel 
spit overlies the crest. A clear vertical cliff cut back into reef I was 
studied on a location 1.2 km southeast of Kanzarua and is illustrated in 
Plate VII, A and B. At least 5.5 m of good exposure is available at this 
site. The abundance of Acropora humilis, Acropora palifera and Porites 
frequently in growth positions suggests a shallow water facies, and this 
reef zone apparently grew upwards during a rising sea-level. 
In the shallow gorge cut by the Kiowa River, 100 m behind the barrier 
reef I, 6 m of sediments are exposed in the reef complex I lagoon. This 
section contains mainly terrigenous sediments abundant in fresh water 
gastropods which were sampled for further isotope determinations. The 
sedimentary sequence is suggestive of an emerged lagoon which became at 
some stage disconnected from the se~ and subsequently filled by brackish 
water. As the tectonic uplift and the authigenic and elastic sedimentary 
infilling progressed, the fresh water lake ceased, finally caped by 
lU.) 
fluvial gravel. Contemporaneous counterparts of this emerged lagoon are 
known from sites northwest of Kanzarua, indicating varying degrees of closure 
from the open sea, and suggesting that the process of tectonic uplift is 
continuing today (see Chapter 2). 
Reef complex III is well resolved at this section and three terraces 
are recognized in the field. All three subsidiary developments of reef 
complex III are narrow and precipitous fringing reef types, consisting 
of a shallow reef interrupted in places by channels filled with small 
pebbles (3 - 4 cm), cemented into a brown-red matrix. Multiple wave-cut 
benches in front of the terrace-front scarps of reefs Illa and IIIb are 
an outstanding feature, probably indicating intermittent uplift on a time 
2 3 
scale of 10 to 10 years at this segment of the coast. The higher Illa 
surface is the broadest of the three, but narrows towards the northwest. 
Field observations of the terraces higher than Illa at Kanzarua indicate 
that the units represent a mixed environment of beach pebbles and shallow 
corals. No suitable T.gigas samples were found on these terraces, despite 
repeated search. It is likely that the inferred turbulent environment 
was unsuitable for the growth of the giant clams. 
(2) Sialum Section 
This section is located almost in the middle of the study area and is 
considered the standard traverse on the lower terraces complex for the 
following reasons: 
.. 
~ 
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(i) Relative to other segments of the coast, Sialum section is less 
disturbed by faults and the stratigraphic units can be followed 
without difficulties for at least 3 km. 
(ii) 
(iii) 
(iv) 
Because of the lower rainfall rate (see Chapter 2) , the exposures 
are relatively free of dense vegetation and hence good field 
observations can be made. 
The stratigraphic record is continuous from th,e modern reef in 
Sialum lagoon to reef VII~beyond the broad lagoon VIIb. 
Most of the age determinations were performed on samples collected 
on this section, and therefore the time control is excellent (Veeh 
and Chappell, 1970; Bloom et al., 1974). 
A general view of the coral reef terraces at Sialum is illustrated in 
Plate I, B). The stratigraphic relation between the modern reef and the 
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Holocene reef at Sialum was discussed in Chapter 2. Multiple samples of 
Tridacna and a rich assemblage of molluscs other than Tridacna were collected 
from a Holocene exposure in a sea-cliff, 100 m west of Bwangam River. 
This outcrop is similar to the one described from Kanzarua. The absolute 
elevations of the terraces at Sialum are lower than their counterparts at 
Kanzarua section, and hence some reef complexes are not well resolved. 
Hardly resolved are reef II and reefs Illa and IIIb which merge further 
northwest in one terrace equivalent to the IIIb at Sialum. The characteris-
tics of a fringing reef-type terrace as against a barrier reef-lagoon 
association are illustrated in Plate VII, photographs C,D,E and F from Sialum 
and Gagar Anununai sections. Distinct features of the fringing reefs 
represented on the Sialum section by the reef complexes III, IV, V and VI 
can be summarized along the following lines: 
(a) Narrow reef crest descending steeply into the reef front and fore-
reef sediments. The entire vertical sequence is compressed into 
25-35 m thick units. 
(b) 
( c) 
The boundaries between the shallow-water and deep-water f acies dip 
seaward. 
Wave-cut notches, overhanging and cavernous in the fashion of the 
modern sea-cliff and ranging from 1 to 4 m in height, are developed 
on the front reefs. 
On the other hand, barrier reef-lagoon association represented on the Sialum 
section by the reef complex VII have the following characteristics: 
(a) The reef is built upwards and the internal facies boundaries dip 
gently landwards. At least 8 m of shallow water facies abundant 
in medium size corals are the main feature of the barrier reef crest, 
above an erosional disconformity surface. 
~·­~-· 
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(b) Lagoon sediments and a shallow· lagoon reef have accumulated on 
the rear slope of the barrier reef VIIb. 
(c) Landwards from the lagoon, terrace VIIa is represented by a 
shallow fringing reef. 
Multiple excellent samples of T.gigas were collected from various strati-
graphic positions on the terraces exposed at Sialum section (Fig. 4.2b). 
(3) Gagar /\nununai Section 
This section was chosen because it represents a northwest segment of 
the Huon coast,with relatively lower elevations compared to its southeast 
counterparts. It contains a particularly good exposure of the VIIb barrier 
and lagoon system which could be sampled in great detail. The particular 
characteristics of this section are illustrated through the map of reef 
J.V/ 
tract distribution in Fig. 4.2c, and the cross section in Fig. 4.3c. Two 
photographs (Plate VII, E and F) complementing the description, illustrate in 
detail the structure of the barrier reef VIIb and the lagoonal reef. The 
distinctive features of this section can be summarized by the following 
points: 
(a) The reef tracts are broad with well developed geomorphic features, 
relative to the more laterally compressed southeast counterparts . 
(b) 
( c) 
The first emerged terrace between the modern co<ist an<l the lan<lwar<l 
sequence is reef IV which can be traced laterally to the southeast. 
It is the only section in the study area where patch reefs developed 
inside the VIIb lagoon. 
(d) Lagoon VIIb is bordered landwards by a reef terrace which can be 
traced laterally into reef VIII, hence reef VIIa is apparently missing 
from this traverse. 
(e) Age determinations are not available from this section and the 
correlation of reef terraces with the ones at Sialum is based on 
field and aerial photographs identification. 
Well preserved T.gigas samples were collected at this section, in particular 
from the barrier reef-lagoon complex. 
(4) Sazum River Gorge 
Although reef terraces VIIb and VIIa are well separated and resolved 
at Kanzarua and their shallow water facies exposed at Sialum, the deeper 
parts of the reefs are buried and from these sections the time-relationships 
between the terraces are not clear. Deeper parts of the above reef complexes 
I 
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are accessible on at least two locations along the coast, and can be 
readily examined. One such location is in the deep gorge cut by the 
Bwangam River, 1 km northwest of the Sialum section, and the second in the 
Sazum River gorge (Fig. 4.1) which was examined and sampled during this 
study. At this location, the river cuts at least 100 m into the reef 
terraces, revealing the barrier reef Vllb base which disconformably 
overlies a thick ("'70 m), continuous sequence of reef, which contains mostly 
broken and rolled small corals with much debris of arborescent Acroporids 
and abundant Halimeda sand. Reef Vllb above the disconformity contains 
a variety of medium-sized corals in growth position. From the similar 
exposure at Bwangam River gorge, Chappell and Veeh (1978) concluded that 
the reef below the erosional disconformity is a seaward continuation of the 
VII a, outcroping behind the lagoon at Sialum. Two T. gigas specimens were 
sampled from the lower parts of reef Vlla at Sazum. 
4.3 The genesis of the uplifted reef terraces in light of the current 
models 
1U8 
Stratigraphic evidence indicates widespread development of emerged coral 
reef terraces of Pleistocene age on oceanic islands and around the ocean 
margins, within the present climatic zone of active reef growth. For over 
a century, however, the genesis of the raised coral reef terraces are a 
center of scientific debate among coral reef scholars. Several hypotheses 
were suggested in order to accommodate the geological characteristics of the 
uplifted coral reef terraces occurring in the tropics: 
(i) The terraces are wave-abrasion features and therefore are erosional 
in character rather than constructional. 
(ii) The stair-case like terraces are the result of local tectonic 
(iii) 
activity due to intermittent tectonic uplift. Coral reef form-
ations flourish along the coast during tectonic standstills and 
afterwards are elevated during periods of rapid tectonic uplift, 
becoming progressively older with increased elevation. 
The coral reef terraces are constructional stratigraphic features 
associated with world-wide glacio-eustatic events, superimposed on 
an upw.ard tectonic movement. 
The first and second hypotheses were introduced by earlier workers at Barbados 
(reviewed by Mesollela et al., 1969) and the second hypothesis was proposed 
by Mikloucho-Maclay (1885) for the uplifted coral reefs along the northeast 
coast of Huon Peninsula, New Guinea. The third hypothesis which is the more 
recent of the three was thoroughly tested on such diverse sites as Barbados 
,· 
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Figure 4. 4 Schematic models of reef morphology in the emerged coral 
reefs from Huon Peninsula, showing the changes associated with relative 
sea-level movements (modified after Chappell, 1974a). 
a. 
b. 
D 
Barrier reef-lagoon association indicating a strong vertical 
growth component during a rising sea-level outstripping the 
land-emergence rate. 
Wave-cut benches and cliff notches associated with regression, 
followed by outward growth of fringing reef during an interval of 
stable juxtaposition of land and sea. (Sea-level transgression 
just matches the tectonic uplift rate.) 
deep water corals. 
S shallow water corals. 
F forereef sediments. 
L lagoon sediments. 
Solid lines define the morphostratigraphic-unit boundaries. 
Dashed lines define the internal facies boundaries. 
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(Mesollela et al., 1969; Bender et al., 1979), New Guinea (Veeh and 
Chappell, 1970; Bloom et al., 1974), New Hebrides (Mitchell, 1968; Neef 
and Veeh, 1977), East Timar and Atauro island (Chappell and Veeh, 1978), 
Ryukyu islands (Konishi et al., 1974), to mention only a few. The 
110 
succession of horizontal and vertical reef zonations among the uplifted 
terraces (op. cit.), confirms that they are constructional formations in 
character and hence the hypothesis suggesting that the terraces are erosional 
features is untenable. In addition, exact radiometric determinations of marine 
carbonates have indicated excellent correspondence between coral reef 
terraces from areas with distinct tectonic histories, suggesting that they 
formed during the same worldwide glacio-eustatic oscillations of sea-level, 
superimposed upon an emerging tectonic landmass. The following paragraphs 
further evaluate the information obtainable from emerged coral reefs, 
focussing in particular on the terraces from the Huon Peninsula. 
4. 3.1 Reef terrace formation and relative sea-level movements 
From a detailed study of the sedimentological zonation of the modern 
reefs and identification of vertical and horizontal relations between the 
reef zones on the emerged terraces, Chappell (1974a) suggested a model 
which accounts for the response of a coral reef formation to relative sea-
level movements, appropriate to the growth characteristics of the coral 
reefs along the Huon coast. Briefly, the model assumes that coral compon-
ents of a living coral reef maintain a quasiequilibrium with the ocean 
surface, tending to reach higher illumination levels close to the sea 
surface and in the same time avoiding harmful exposure to air. During a 
rise of sea-level (i.e. the rate of sea-water transgression higher than the 
rate of tectonic uplift) , the entire coral reef zonation tends to rise 
with it, producing a strong upward growth vector into the rising sea-level. 
During a stationary relative sea-level (i.e. the rate of sea-water trans-
gression just match the rate of tectonic uplift), continued accumulation of 
new skeletal material causes the entire ecological zonation to migrate 
seaward, mantaining its relationship to the sea-level. In the event of a 
relative fall of sea-level (i.e. sea-water regression and tectonic uplift 
move in opposite directions, therefore increasing the rate of coastal 
emergence), coral reef zonation tends to migrate downslope, following the 
regressive sea surface. Fig. 4.4 illustrates the principles underlying the 
above model. Viewed this way, a barrier and lagoon association with facies 
relationship indicating a strong vertical component, implies a sea-level 
rise outstripping the land emergence rate. Barrier reef-lagoon association 
• L 
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I and VIIb are examples of the above. Conversely, vertical facies 
relations among the narrow fringing reefs are indicative of outward growth 
during a relatively short-lived stable juxtaposition of land and sea. 
Fringing reefs II, III, IV, V and VI illustrate this pattern. In most 
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cases, the face of the terraces have a cavernous appearance and erosional 
notches, indicating short stillstands of sea-level in relatively emergent 
phase. Independent evidence that the terraces are constructional strati-
graphic features associated with transgressional sea-level events, is provided 
by studying the stratigraphic relations between uplifted deltas around 
Tewae River and the reef terraces into which they merge laterally. According 
to Chappell (1974a), the absence of fanglomerate overlapping the coral 
terraces is suggestive that the terraces are representing high stillstand 
sea-levels during periodic transgressions, superimposed on a general tectonic 
emergence of the coast. If reefs were developed in association with low 
stillstands, it j.s likely that these "low-stand reefs" are buried beneath 
the succession of high-stand reef terrace~ as the coast emerged during the 
Pleistocene. Alternatively, they wer'e eroded and "shaved" by every following 
transgressive phase. The evidence supporting the hypothesis that coral 
reef terraces developed during sea-level transgressions is further substan-
tiated by dating the reefs by exact radiometric means, and comparing the 
dates with glacio-eustatic events identified and dated elsewhere in the 
world. 
4.3.2 Chronology of late Quaternary high sea-level stands 
Although sea-level fluctuations in the Pleistocene are considered to 
a first approximation the reciprocal of change in global ice volume 
(Matthews, 1972; Chappell, 1974a), the use of sea-level as an indicator 
of climate suffers from the major drawback that factors other than glacio-
eustatic (i.e. hydroisostasy; geoidal changes) may alter the relative 
sea-level at any point on the ocean's surface (Clark et al., 1978; M8rner, 
1976, 1978). However, only climatic change should lead to fluctuations 
that are universally recorded and therefor~ the chronology of coral reefs 
used as a tide gauge is essential in order to set the timing of these 
fluctuations, and to provide a means of correlating the events worldwide. 
Ancient coral reefs may be dated directly by two radiometric methods, 
· · h 14c · · d · cl using eit er or uranium series ating. The un erlying principles of 
these radiometric dating methods applied to Pleistocene coral reef form-
ations, their major assumptions and the reliability of dates using these 
techniques are competently reviewed by Broecker (1965) and Chappell et al. 
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(1978). Selective criteria outlined by these papers, which allow 
discrimination between a reliable age determination and a deviant one, 
were used when extracting radiometric age determinations from a large 
number of published data on late Quaternary reef complexes. The results, 
plotted against the present elevation above sea-level of the dated form-
ations are shown in Fig. 4.5. The diagram illustrates that there exists 
a good correlation between the gross reef morphology and the nature and 
degree of the tectonic activity. Firstly, atolls are characterized by 
steady and continuous subsidence with abrupt interruption in the strati-
graphic record between 7,500 and 100,000 yr B.P. (i.e. Thurber Discontin-
uity). Secondly, barrier and fringing reefs around the apparently inactive 
tectonic areas represent records of high palaeosea-level stand between 
120,000 to 140,000 yr B.P., only+ 3 to+ 8 m above the present sea-level. 
Thirdly, elevated reefs from island arcs or rift systems subjected to 
tectonic uplift, include reef formations deposited during the time lapse 
represented by the Thurber Discontinuity, apart from coral reef terraces 
concordant with the record found in stable areas and atolls. The results 
indicate that the greater the rate of tectonic uplift (the higher the 
reef elevation), the younger the reef exposed and the more glacio-eustatic 
details are preserved. Viewed this way, the record from the Huon Peninsula 
is probably the most complete of all the known reef sections. This record 
demonstrates a quasiregular recurrence of interstadial sea-level maxima 
at intervals of approximately 20,000 yr throughout the entire time span of 
the Wisconsin glaciation, with group ages centered at 105, 85, 60, 40 and 
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28 kyr. During the later two interstadials, i.e. 40 kyr and 28 kyr, sea-level 
must have dropped considerably relative to the present, as coral reef terraces 
of these interstadials are known subaerially only from locations (New Guinea 
and Ryukyu) where estimated rates of vertical displacement exceed lm/1000 yr 
(Konishi et al., 1974; Bloom et al., 1974). The intervals between 
the group ages are not recorded by any of the studied locations, suggesting 
that these were periods of relatively low sea-level and should correspond 
to major ice advances during the last glaciation. 
Two further qualifications are necessary to the compilation of Fig. 
4.5. Firstly, the dates tabulated from slow subsiding atolls in the Pacific 
(Thurber et al., 1965; Lalou et al., 1966) indicate a large spread around 
the last interglacial high sea-level stand, exceeding the precision of the 
measurements. The X-Ray diffraction method used to detect calcite contamination 
in the dated coral fragments, was used as evidence that secondary alteration 
in these samples has been minor and has not seriously affected the radio-
metric ages. However, it is known today that younger aragonite is often 
~ 
i 
• 
I 
Figure 4.5 Summary of radiometric age determinations based on 
corals and massive molluscs (Tridacna) from late Quaternary reef 
complexes, plotted against their present position relative to 
the mean sea-level. Note that with the exception of NGII, NGI, 
RI, GER and GE which are 14c estimates, all others are based 
on 230Th/234U and 231Pa/23iu determinations. Also note that the 
bars represent the lo standard deviation of the mean value 
reported for each stratigraphic unit. The symbols above the age 
value are abreviations of the reef geographical location (see 
map and Table 4.1), while the figures in parentheses are the 
number of determinations used to calculate the mean; no figures, 
indicates a single determination. 
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TABLE 4.1 
Symbols, geographic locations and references for data used in Figure 4.5. 
Geographic Location 
Aldabra Atoll, Indian Ocean 
Atauro Island and East Timor, Lesser Sunda 
Islands 
Barbados, West Indies 
Curacao Island, Caribbean Sea 
I 
Eniwetok Atoll, Pacific Ocean 
Gilbert and Ellice Islands, west-central 
Pacific Ocean 
Great Barrier Reef of Australia 
MuniroaAtoll, Tuamotu Archipelago 
Key Largo Limestone, Florida Keys 
Huon Peninsula, New Guinea 
New Hebrides Islands 
Oahu Island, Hawaii 
Ryukyu Islands, Northwest Pacific 
Rottnest Island, Western Australia 
Western Australia 
Tuamotu Archipelago 
Southern Sinai Peninsula, Red Sea 
Reference 
Thomson and Walton (1972) 
Chappell and Veeh (1978) 
Mesolella et al. (1969); James et al. (1971); 
Harmon et al. (1979). 
Harmon et al. (1979) 
Thurber et al. (1965) 
Schofield (1977) 
McLean et al. (1978) 
Lalou et al. (1966) 
Harmon et al. (1979) 
Chappell (1974a); Bloom et al.(1974); 
Chappell and Veeh (1978); Chappell and 
Polach (1976); this work. 
Neef and Veeh (1977) 
Ku et al. (197 4) 
Konishi et al. (1974) 
Szabo (1979) 
Veeh et al. (1979) 
Veeh (1966) 
Gvirtzman and Friedman (1977) 
...... 
...... 
.p. 
t. r. 
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;." 
•. 
!D 
precipitated in the interstices of submarine fossil corals, violating 
the assumption of a closed system (Chappell et al., 1978). It is likely, 
therefore, that atoll samples indicating ages younger than 120 kyr but older 
than 90 kyr are contaminated. Secondly, the question of a possible two 
separate high sea stands rather than a single one around the last inter-
glacial peak, further complicates the interpretation. The least ambiguous 
evidence comes from rapidly rising coasts, where distinct radiometric 
ages are supported by well-defined stratigraphic separation of the dated 
deposits. Thus the possible existence of two separate sea-level stands 
around 137 kyr and 118 kyr is recognized from sites where detailed strati-
graphy could be used in the field to separate the dated samples (New Guinea, 
·Atauro), and from coastal areas with little or no tectonic uplift where the 
radiometric ages appear to be consistent with the riotion of bipartite sea-
level (Western Australia, Hawaii, Eastern Australia). 
There is a striking correspondence between radiometric ages of the 
lower reef complexes in New Guinea and the reef terraces from Ryukyu, 
Barbados, Atauro-Timor and the New Hebrides. These are widely separated 
geographically and contrasting in geological setting, and argues against 
a model of local intermittent pulses of uplift. It is therefore concluded 
that the succession of emergence and submergence recorded by the reefs, 
reflects glacio-eustatic oscillations during the past 140,000 yr, super-
imposed on a rising land. 
4.3.3 Patterns of sea-level deduced from separation of tectonic and 
eustatic effects 
To disentangle tectonic and eustatic factors, accurate knowledge of 
one is required in order to establish the contribution of the other. Two 
methods were employed to estimate the glacio-eustatic sea-level changes in 
New Guinea. The first metho~ uses the simple assumption that tectonic uplift 
along any of the 11 profiles surveyed by Chappell, was monotonic, although 
not necessarily at a constant rate (Bloom et al., 1974). The second method, 
used least-squares search for best fitting uplift curves that are consistent 
with certain presumed fixed points, with the additional assumption that 
although uplift rates vary along the terrace flight, any rate changes 
through time, will correspond most closely between adjacent sections 
(Chappell, 1974a). However, the second method yields results little different 
from those estimated by the first method. The main assumption of uniform 
uplift at any section has been formally tested by dividing the difference 
in elevation between two terraces on a particular traverse, by the 
difference in age of the two terraces. A survey of 11 traverses led 
I 
I 
Chappell (1974a) to conclude that: 
(i) Within the northwestern half of the study area, the uplift rates 
(ii) 
appear to have been nearly constant along any traverse normal to 
the coast. 
The uplift rate varies from 3 mm/yr in the southeast ·of the area 
to 0.5 mm/yr in the northwest. 
Palaeosea-level estimates from reefs IV, III, II and I were estimated 
using the calculated rates of vertical displacement, coupled with the 
following fixed points (Bloom et al., 1974): 
(i) Palaeosea-level about 120 kyr was +6.5 +4 m (see Fig. 4.5). 
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(ii) Palaeosea-levels of reefs VI and V at 105 kyr and 85 kyr were -15 m 
and -13 m respectively, as estimated from Barbados by Messolella 
(iii) 
et al. (1969), on the basis of a uniform uplift. 
A 11premature emergence correction" was taken as being about 3 kyr, 
to take account of the way in which reef emergence precedes the 
glacio-eustatic maximum in this rapidly rising area. 
Viewed this way, the following palaeosea-level estimates were calculated 
by Bloom et al. (1974) based on 6 surveyed profiles: reef IV, - 28 m; 
reef Illa, -30 m; reef IIIb, -39 m; reef II, -41 m; reef I, -5 m. Three 
further qualifications are implicit in the above estimates: 
(i) The error of + 4 m around the high sea-level stand during the last 
interglacial is less than 2% of the height of the Huon reef VIIb 
at most sections, and use of this datum does not introduce any 
important error. 
(ii) The uncertainties of the dated ancient sea-level in New Guinea are 
about ±_6 rn,resulting from determination errors in the absolute 
dating of the events and the elevation estimates of the reef form-
ation (Chappell, 1975). 
(iii) Further refinement of the dated parts of the Huon reefs are difficult 
because of their faulted and flexured tectonic character. 
CHAPTER 5 
PALAEOCLIMATIC RECORD OF THE LATE QUATERNARY CORAL REEF 
TERRACES IN NEW· GUINEA: STABLE ISOTOPE INVESTIGATIONS 
5.1 Introduction 
The main purpose of this chapter is to compare two independent 
methods of quantitative palaeoclimatic inference applicable to emerged 
I l I 
coral reefs. The first method, first used in New Guinea by Veeh and Chappell 
(1970), allows calculatton of Llie LllUL~rence bcLWl'Cll the present altitude 
of an emerged reef complex dated by radiometric means and the estimated 
tectonic uplift for a particular section,which gives the palaeosea-level at 
the time the reef grew. The second method, which is described here, is based 
on the measurements of 18o; 16o ratio in the exoskeleton of the giant clam 
Tridacna gigas associated with the coral reefs in New Guinea. This method 
interprets the oxygen isotope ratios by means of an equation relating it 
to the isotopic composition and temperature of the water in which the shells 
grew. The oxygen isotopes method has been widely recognized as an important 
tool for palaeoclimatic research since the pioneering work of Emiliani (1955) 
on deep-sea cores. 
It is the intention of this study to demonstrate that although the 
isotopic and sea-level methods monitor different aspects of global climatic 
change, when used in conjunction they provide deeper insights into the past 
than either could achieve alone. Following the preliminary isotope-curve 
reconstructions, the timing, frequency and amplitudes of the climatic 
5 
events for the past 10 years will be examined and discussed in detail. 
5.2 Reconstruction of the oxygen and carbon isotope records 
The oxygen and carbon isotope results of the reef material processed 
in the laboratory, together with additional information on the stratigraphic 
position of the samples on the coral reef unit and its accepted age are 
reported in Appendix C, Table C-1. The isotope determinations tabulated in 
this table represent the individual powders sampled from each specimen and 
processed through the standard procedure of co2 extraction and mass spectro-
metry, described in detail in Chapter 1. 
The reconstruction of the oxygen and carbon isotope records for the 
time interval covered by the late Quaternary coral reef sequence in New 
Guinea, based on the yearly average values of T.gigas ~amples, will be 
completed in two interrelated stages. The first stage of reconstruction 
which is the least complicated of the two and intuitively the simplest, 
recognizes each coral reef complex as a time-stratigraphic unit identity 
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·stretching along segments of the Huon coast with distinct tectonic 
histories. The coral reef unit represents a reef-building episode generated 
by palaeosea-level fluctuations. The second stage of reconstruction which 
is a refined version of the first, makes allowances for the reef-facies 
geometries of each coral reef unit and its genetic links with the sea-level 
motion relative to the tectonically-emerged coast. The least complicated of 
the two will be discussed first. 
5.2.1 Evaluation of the stable isotope data according to their 
stratigraphic-unit association 
Yearly average oxygen and carbon isotope data of T.gigas samples are 
grouped according to their association with a particular reef-stratigraphic 
unit. The oxygen and carbon isotope records reconstructed according to the 
principles outlined above are illustrated in Fig; 5.1 which is in essence 
a frequency histogram. The isotope values of each T.gigas specimen are 
plotted in steps of 0.25°/00 against the associated coral-reef stratigraphic 
unit and the established age of the particular reef crest. Each coral reef 
complex is characterized by 6 to 10 T.gigas individuals, except for reef 
complex II which contains only one T.gigas specimen. 
The data in Fig. 5.1 show distinct variations in both o18o and o13c 
between the reef complexes, though the variations are more accentuated in 
the o18o record than the o13c record. Some preliminary observations can 
be condensed in the following points: 
(i) A distinct positive correlation is observed between the oxygen and 
13 
carbon isotope records. However, the o C data are smoother and 
lack the relatively higher frequency oscillations shown by o18o 
~. data (e.g. the time-span covered by the reefs VIIa-VIIb barrier-
Vllb lagoon) . 
(ii) An obvious asymmetry is illustrated by the o18o record in particular. 
No significant changes in c18o composition are documented for a 
prolonged time-period (133-85 kyr), apart from the rapid osci·llation 
discussed in (i). However, the pattern changed after the reef-V 
building episode, when the rate of 180 enrichment accelerated, and 
peaked during the reef-III building episode. This trend is apparently 
18 interrupted following reef-II and .a return to 0-depleted values 
similar to reef-VIIa is recorded in the modern reef. 
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TABLE 5.1 
Oxygen and carbon isotope ratios of molluscs associated with the modern and Holocene reefs from the Huon 
Peninsula, New Guinea. Note the consistent 180 and 13c enrichment in the Holocene samples relative to 
modern registered by all isotope probes, except 813c of Dosinia. The superiority of T.gigas is illustrated 
by its lower isotope variability and the proximity to equilibrium isotope composition (i.e.ol8o = -1.59°/ 00 
ol3c = +2.61°/ 00 ). The isotopic compositions are group means and the uncertainties are 10 standard error of 
oopul~tion. 
Reef Phase 
:1odern 
:lodern 
:-!odern 
:lodern 
:-!odern 
:lodern 
:·lodern 
:lodern 
;todern 
:·lean values 
1. including Tridacna 
2. without Tridacna 
Reef I 
Reef 
Reef I 
Reef 
Reef I 
Reef I 
:lean values 
1. including Tridacna 
2. without Tridacna 
Sample 
Description 
Tridacna gigas 
Arca 
Turbo 
Callis ta 
Conus 
Cyphraea 
Dosinia 
Spondylus 
S trombus 
Tridacna gigas 
Turbo 
Cyphraea 
Dosinia 
Trochus 
Voluta 
No. of 
Specimens 
10 
3 
4 
2 
1 
27 
17 
6 
8 
4 
1 
1 
21 
15 
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In order to define the isotopic variability of a reef population, a 
pooled variance was calculated from Tridacna samples pertaining to the in-
dividual reef complexes. The best estimate of the standard error of a single 
Tridacna was obtained from the available evidence. Statistical parameters 
used to justify the stable isotope interpretations are detailed in Appendix B. 
These results indicate that the best standard error estimate for a single 
Tridacna ·is +0.17°/ in o18o (la) and of this, 0.10°/ is contributed by 
- oo 00 
the total experimental procedure. Tridacna is thus substantially more uniform 
than unspecified molluscs for the Barbados reefs which showed +0.42°/ vari-
- 00 
ation per individual (Shackleton and Matthews, 1977), or a large number of 
bivalves and gastropods for the ·Ryukyu reefs which showed +0.47°/ variation 13 00 
per individual (Konishi et al., 1974). Variability in o · C between Tridacna 
18 individuals is 1.5 times greater than for o 0 (e.g. the best standard error 
estimate for an individual is +0.26°/ ), as expected from the much smaller 
- 00 
mass of the sea water carbon reservoir relative to the large reservoir of 
water in the ocean. The o13c range in a given Tridacna is substantially 
0 
smaller, however, than the diurnal range of up to ~1.8 I documented in 
00 
Sialum lagoon (Fig. 3.3) which reflects reef-biomass organic productivity 
daily "pulsations". Assuming that the fossil populations of Tridacna have 
the same dispersion as the modern ones, some reefs such as VIIa and reef 
complex III, apparently contain more than one population. This suggests 
that the simplistic approach of pooling Tridacna samples from each strati-
graphic unit, disregarding the relevance of sample position relative to the 
reef facies geometry is unsatisfactory. This conclusion leads to the second 
phase of reconstruction of isotope records. 
5.2.2 A refined evaluation of stable isotope data according to their 
reef-facies geometry association 
The justification for a more detailed reconstruction of the isotope 
records is best illustrated by considering the stratigraphic and isotopic re-
lationship between the Holocene reef-I and the modern reef within one segment 
of the coast, and the Holocene reef on two different segments with distinctly 
different tectonic histories. The former will be discussed first, illustrating 
the importance of discriminating between samples associated with different 
reef morphologies. 
The intimate stratigraphic relationship between reef-I and the modern 
reef at Sialum is illustrated in Fig. 2.3. The evolution of the reefs is 
shown in Fig. 2.4 and discussed in section 2.2. The modern reef at the 
Sialum section grows mainly in the lagoon which developed during the last 
post-glacial sea-level rise, and hence is superimposed stratigraphically on, 
I 
and interfingers with the Holocene reef. If we consider them as one 
stratigraphic unit and pool the isotope determinations together, the error 
committed by doing so would be reflected in two ways. Firstly, the two 
reefs developed during differ~nt sea-level histories: i.e., the Holocene 
reef represents a phase of post-glacial submergence whereas the modern 
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reef, growing 6000 years later, reflects a local emergence phase into a 
stationary global sea-level. Secondly, a clear isotopic distinction between 
the Holocene and the modern reef is illustrated in Table 5.1. The isotopic 
composition of T.gigas, and the molluscan assemblages other than Tridacna 
sampled from the same sections, indicate that the Holocene reef is signif-
icantly enriched in 180 and 13c relative to the modern reef (0,5°/ in 
00 
o18o and ~o.4°/ in o13c). This difference is not a function of the 
00 
biogenic probe used, but probably reflects differences in the environmental 
conditions during distinct climatic events. 
Five isotope analyses of small gastropods sampled from a Hclocene lagoon 
sediment exposed in the shallow gorge of Kiowa River (see Appendix C, Table 
18 . 0 0 C-1), gave o 0 values ranging from -4.5 / to -8.6 / and a range of 
13 00 00 
-4.1°/ to -10.9°/ in o C. Typical organic-rich marsh sediments from 
00 00 14 
the lagoon exposure were dated at 9000 C years B.P. (J.Chappell, pers.comm.). 
The isotope values indicate that by this time the previously open lagoon has 
been filled by brackish water, and isolated from the sea by tectonic emergence. 
Therefore, the Kanzarua section has been displaced above sea-level at least 
5000 years earlier than the culmination of post-glacial sea-level rise, and 
~3000 years prior to the emergence of the Holocene reef at the Sialum section. 
It is concluded from the above discussion that samples associated with 
distinct reef facies, deposited during successive sea-level histories, have 
to be separ&ted. In addition, special care has to be taken when pooling 
samples associated with a coral reef unit from segments with distinct tectonic 
histories. Consequently, samples associated with three distinct reef facies 
are separated during the isotope-records reconstruction: 
(a) reef crest facies; (b) transgressive facies; (c) regressive facies. 
This approach follows the models of facies geometries for the Huon coral 
reefs developed hy Clwppell (1974a), the principles of which are illustrated 
in Fig. 4.4 and discussed in Chapter 4. For samples associated with intervals 
of sea-level maxima (reef crest facies), both the timing and glacio-eustatic 
sea-level' (the tectonic factor subtracted) are established by exact measure-
ments (viz. Tables 3 and 4, Bloom et al., 19 74). For samples associated 
with migratory facies (i.e. transgressive and regressive facies), the 
age and palaeosea-level have to be estimated using the reef crest of a 
l, 
r ... 
I 
I 
particular formation as a reference datum. It is also assumed that both 
tectonic and glacio-eustatic factors acted at maximum known rates. The 
required calculations are outlined below, with transgressive and regressive 
facies treated separately. 
(1) Transgressive phase. 
The estimated age of a sample collected from the deeper parts of a 
reef complex on a transverse profile, is given by the relation: 
where 
T 
s 
T 
c 
+ d 
R g 
(5 .1) 
T is the estimated age of the particular transgressive phase in kyr, 
s 
prior to the culmination of the reef-building episode. 
T is the radiometric age of the reef crest in kyr. 
c 
d is the vertical depth from the reef crest in metres. 
R is the rate of glacio-eustatic sea-level rise during the early stages g 
of transgression, assumed to outstrip the tectonic emergence factor. 
It is also assumed that reef growth kept pace with the rising sea-level, as 
indicated by studies of the Holocene reef on the Huon Peninsula (Chappell 
and Polach, 19 76). An accepted average rate of 5. 5 m/1000 yr is used here 
for the Sialum section, based on estimates of upward growth rate during a 
post-glacial sea-level rise of 4. 7 m to 8 m per 1000 years (op.cit.), and 
a rate of vertical displacement at Sialum of 1.7 m per 1000 years (Bloom 
et al., 1974). Postulated slower rates of transgression during reef-III 
complex-building episode, such that the rate of sea-level rise just matches 
the rate of uplift (e.g. Kanzarua section), place the limits of R between g 
1. 7 to 2,5 m per 1000 years (Bloom et al., 1974). 
The palaeosea-level estimate of the transgressive facies at depth "d" 
from the reef crest, is given by the relation: 
L = L - d 
s c 
where L is the palaeosea-level datum of the reef crest, in metres. 
c 
Each of the above estimates carry uncertainties related to: 
(5. 2) 
(a) assumption of smooth uplift rate; (b) radiometric age of the reef 
crest; and (c) rate of glacio-eustatic rise. 
(2) Regressive phase. 
In order to estimate the age of a sample collected from a regressive 
phase at a vertical depth "d" from the reef crest, two independent parameters 
have to be considered. Firstly, the rate of uplift on the section, and 
secondly, the rate of sea-level fall. The former is determined by calculating 
I 
the age-height ratios of separate terraces on any profile (viz. Table 3, 
Bloom et al., 1974). The rate of sea-level fall during major eustatic 
regressions is estimated by Matthews (1972) as greater than 3 m/1000 years. 
Thus 
where 
T 
r 
T 
c 
d (5. 3) 
Tr is the estimated age of a particular regressive phase in kyr, following 
the reef-building episode culmination. 
R is the calculated rate of tectonic uplift on the section (m/1000 yr). 
u 
Rf is the rate of glacio-eustatic sea-level fall, assumed here as 4 m/ 
1000 yr. 
The palaeo-sea-level estimate is given by the relation: 
(5.4) 
where 
L is the palaeosea~level estimate for the sample associated with the 
r 
(a) 
(b) 
(c) 
regressive phase,in metres. 
Each of the above estimates carry uncertainties related to: 
assumption of smooth uplift rate; 
radiometric age of the reef-crest; and 
rate of glacio-eustatic sea-level fall. 
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The following paragraphs evaluate further the oxygen and carbon isotope 
data of each successive reef complex. Table 5.2 summarizes the relevant 
isotope <lat.a of T.gigas samples from the lower coral reef complexes, in the 
interval 140 kyr to present. The samples are grouped according to the 
principles developed in the foregoing paragraphs, and additional information 
·such as accepted age and estimated palaeosea - level are also tabulated. 
Both the standard error of reef population and the standard error best 
estimate of the mean are included, according to the statistical treatment 
of data outlined in Appendix B. Reef complexes 0 (modern), I, II, IV, Vllb 
barrier are probed by T.gigas associated with the reef crest facies, and 
therefore the isotope data are self-evident. Other reef complexes in the 
sequence are probed by T.gigas sampled from the reef crest as well as 
transitional reef phases, and further clarifications are given below. 
l, 
r .. 
I 
I 
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TABLE 5.2 
Oxygen and carbon isotope data, sea-levels and ages for the late Quaternary 
raised coral reefs in New Guinea. The isotope probe is the giant clam 
Tridacna gigas. The samples are grouped according to their association with 
the reef facies geometries (see text). 
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(3) Reef Complex III. 
The divergent character of reef complex III indicates that this reef-
unit records an intricate period of rapid relative changes of sea-level. 
Three distinct terraces, Illa, IIIb and Ille are recognized on the sections 
that show the most rapid uplift (i.e. Kanzarua section), but at Sialum they 
merge into two, vanishing entirely at Gagar Anununai section (see Figs. 
4.3a,b,c). The fossil T.gigas sampled on reef III complex at Kanzarua and 
Sialum sections were processed for stable isotopes and the individual 
determinations are tabulated in Appendix C, Table C-1. Several working 
hypotheses are described here, in order to provide a grouping of the isotope 
results which is consistent with the reef stratigraphy and the tectonic 
history of the sections. It is also recognized that the leading parameter 
18 13 to be used for this objective should be the o 0 rather than o C values, 
because of their higher sensitivity to climatic variability. 
The first hypothesis which is probably the simplest, assumes that 
reef complex III reflects a single sea-level oscillation event. The 
divergence into multiple terraces is the result of intermittent tectonic 
movements in areas with rapid uplift. The second hypothesis, recognizes 
the existence of at least two sea-level oscillations, related to reefs Illa 
and IIIb, and groups the isotope values according to the field association 
of T.gigas samples. The third hypothesis, discriminates between sample-
reef-phase association on the one hand, and sample-section association 
on the other (i.e. Kanzarua and Sialum sections). 
treated in the order outlined above. 
The hypotheses are 
Following the first hypothesis, nine T.gigas specimens are pooled 
18 0 
which results in a mean o, 0 value of -0.32 + 0.4 I However, this 
- 00 
hypothesis is rejected on two grounds. Firstly, the stratigraphic evidence 
indicates that each terraced member of reef complex III (in particular 
Illa and IIIb, not obvious for Ille) contains reef facies elements, 
includin~ well defined transgressive and regressive features. Secondly, 
0 
the isotope dispersion shown by Tridacna samples (+ 0.11 I to 
oo 
- 0.8°/ ) is two times higher than the variability of modern Tridacna 
00 
population, indicating that reef complex III contains apparently more than 
one statistic'al population. Pooling T. gigas samples according to their 
coral reef unit (the second hypothesis above), 3 samples associated with 
1.lO 
I 
;., 
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18 0 
reef IIIb give a mean 8 0 of -0.37+0.4 / This approach does not 
- 00 
minimize the isotope dispersion as expected, and therefore is rejected 
for this reason. According to the third working hypothesis, samples 
associated with each coral-reef unit (Illa and IIIb) and each section 
(Kanzarua and Sialum) are resolved separately. Viewed this way, the 
f 11 · mean ~ 180 · b · d o owing u groupings are o taine : 
Reef II lb crest Reef Illa crest 
Sialum section -0.8 + 0.02°/ (n=2) -0.8 0 + 0.16 I (n=l) 
- . 00 00 
0 0 Kanzarua section -0.02 + o.24 I (n=2) -0.0 + o.os I (n=l) 
- 00 00 
(n =number of T.gigas samples associated with each reef crest-section.) 
Firstly, this approach (hypothesis 3) reduces the isotope variability 
to one expected from a T.gigas population. Secondly, it is observed that 
for two distinct events, reefs lllb and Illa, samples from Kanzarua section 
are consistently and significantly enriched in the heavier 180 isotope 
relative to samples from Sialum. The isotope results suggest that the reef 
crests at Kanzarua and Sialum are not time-equivalent, but are a sequence 
of events. A premature emergence of the reefs at Kanzarua relative to 
Sialum is implicit in this interpretation. The possibility of fresh water 
. 18 
activity as the cause of the observed 0 depletion in T.gigas from Sialum 
relative to Kanzarua is unlikely, because the samples were collected away 
from any river beds. Moreover, the field evidence indicates a high 
similarity in the reef environment between the two sections, during the 
reef complex III-building episode. 
The differential tectonic motion between segments, suggesting a signifi-
cant premature emergence of reef complex III at Kanzarua relative to Sialum, 
is supported by independent palaeosea-level data (Bloom et al., 1974). 
This data indicates that the rate of glacio-eustatic rise from the post-
reef IV at 60 kyr B.P. was slower, spanning longer time-periods than did the 
earlier pre-reef lV transgressions. Viewed this way, the most rapid uplifted 
sections would emerge earlier than sections with a relatively low rate of 
vertical displncerncnt. Thus, the third hypothesis is accepted here as the 
most satisfactory in reconstructing the complex climatic and stratigraphic 
setting for the reef III-terraces. 
No significant differences are observed in o13c values ·fpr T.gigas 
associated with reef complex III, according to any of the three suggested 
13 grouping methods. Henc~ 8 C values are grouped according to their coral-
reef unit pertinence, without considering the problem of premature emergence. 
Viewed in this way, six samples associated with reef IIIb give a mean o13c 
I 
I 
0 
value of +2.93 + 0.5 I and three samples associated with reef Illa yield 
13 - 00 ' 0 
a mean o C value of +2.98 + 0.09 / 
- 00 
The timing of the events resolved by both stratigraphy and o18o data 
as well as the palaeosea-level ~stimates involved, are briefly discussed 
below. Three 230Th/ 234u dated corals from the reef IIIb crest facies at 
Kanzarua,define the timing of the early emergence at 42+3 kyr (Bloom et al., 
1974). In order to estimate the absolute age of the reef IIIb crest at 
Sialum, which according to our previous discussion is closer in time to the 
transgression climax, the following parameters are employed: 
(a) 
(b) 
The palaeosea-level during the early emergence of reef IIIb crest 
at Kanzarua must have been 2 t~ 6 m lower than the estimate at 
Sialum, placing it at -44 to -47 m (Bloom et al., 1974). 
Assuming 6 m difference in relative sea-level between sections, and a 
transgression rate of 2.5 m/1000 yr, equation 5.1 gives an age 
estimate for reef IIIb crest at Sialum at 40 kyr (T =42 - 6/2.5). 
c 
No dated samples are available for reef Illa crest. Based on stratigraphic 
evidence, Bloom et al. (1974) argued for an age estimate of 45 kyr for the 
reef-building phase culmination at Sialum~ and a palaeosea-level around 
30 m. Similar arguments (this time in reverse order), are employed ·to estimate 
the age and the palaeosea-level represented by reef Illa crest at Kanzarua. 
Firstly, the discrepancy between the palaeosea-level estimates based on reef 
Illa heights at Sialum and Kanzarua amounts to 14 m (Table 4, Bloom et al., 
1974). Therefore, the palaeosea-level during the early emergence of reef 
Illa crest at Kanzarua must have been at least -44 m. Secondly, equation 
5.1 places the age estimate for reef Illa crest at Kanzarua at 51 kyr 
(45 + 14/2.5). In addition, one can estimate the timing and the related 
palaeosea-levels of the post IIIb and Illa regressive phases at Sialum 
section (located -15 m and -10 m below the respective reef crests), assuming 
both tectonic uplift rate and glacio-eustatic factors acting at maximum 
known rates. The regressive phases are represented by T.gigas samples J-40, 
41 and K-6 (Appendix C, Table C-1). The age and sea-level estimates involved 
are as follows: 
(a) Post IIIb crest-regressive phase: 
T 
s 
15 40 - 4+1 . 7 ~ 37 kyr 
(b) Post Illa crest-regressive phase: 
T 
s 
45 10 ~ 
- 4+1. 7 43 kyr 
L 
s 
L 
s 
-39 -4(40-37)~ -51 m 
-30 -4(45-43)~ -38 m 
I 
I 
All the above estimates and the relevant isotope data are tabulated in 
Table 5.2. 
(4) Reef Complex V. 
Eight T.gigas out of ten specimens sampled on reef complex V were 
associated with the reef ·crest facies dated at 85 kyr. Whereas seven 
T. gigas samples at Sialum section indicate a "normal" dispersion of oxygen 
isotopes (mean o18o of -1. 34 + 0. 2° / . ) , T. gigas K-45 sampled 2 m below the 
- oo 18 
reef crest at Gagar Anununai section gave a 8 0 value of -0.14°/ + 0.01 
00 
which differs by over six standard errors from the Sialum samples. Reef 
Complex V can be traced with confidence across the transects from Sialum 
northwesterly, hence the explanation for the anomalous isotopic value 
cannot be a result of stratigraphic misinterpretation or a fault offset. 
However, this can be accounted for, if one considers the tectonic setting 
on a section with a relatively low rate of tectonic uplift (0.9 m/1000 yr 
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at Gagar Anununai section - viz. Table 3, Bloom et al., 1974). On such 
sections, reefs associated with low palaeosea-levels will be hardly resolved 
from reefs associated with a transgressive culmination, and on the exposure 
would be extremely difficult to distinguish between the two. It is suggested 
here that sample K-45 probably reflects such a situation, and therefore is 
not included in estimating the mean isotopic value for reef V crest. 
On stratigraphic gounds, two T.gigas associated with reef complex V 
at Sialum are distinguished from samples collected at the reef crest, and 
the estimates are as follows: 
(a) Sample J-583 located ~25 m below reef V crest at Sialum pertains 
to an early transgressive phase prior to the culmination. 
Applying the appropriate equations 5.1 and 5.2, the age of this 
early transgressive phase is estimated at 90 kyr, associated with 
a palaeosea-level of -38 m. 
(b) Sample K-12 was collected from a wave-cut regressive bench on the 
reef V front, 20 m below the reef crest. On stratigraphic grounds, 
this T.gigas is interpreted as probing a post reef V-crest 
regressive phase. Assuming that both the tectonic uplift and the 
sea-level fall acted at maximum rates (equations 5.3 and 5.4), an 
age of ~81 kyr is assigned for this sample, associated with a 
palaeosea-level of -27 m. 
13 0 A mean 8 C of +2.82 + 0.28 / was calculated from 9 samples analysed. 
- 00 
This value reflects the isotopic c·omposition of the dissolved bicarbonate 
in the nearshore seawater during the transgressive, culmination and 
regressive phases, related to reef complex V build-up episode. 
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(5) Reef Complex VI, 
Five T.gigas were sampled on this fringing reef. Two samples pertaining 
to the reef crest facies at Sialum section define the oxygen isotope compos-
ition of the culminating transgression at 105 kyr (o 18o = -l.44+0.09°/ ). 
- 00 
One T.gigas (K-26), collected 25 m below the reef-crest VI at Gagar Anununai 
section, is associated with an early transgressional phase, and has a o18o 
0 
composition of -1.00+0.07 I . The stratigraphic position of this sample 
- oo 
indicates an est:lmatccl age of 110 kyr for the early phase of the transgression, 
associated with a palaeosea-level of -40 m (equations 5.1 and 5.2). Two T.gigas 
specimens were sampled by J. Chappell on reef VI at Sialum, but their strati-
graphic position on the coral reef unit is uncertain. On account of the fact 
.that their o18o compositions (-1.01° I and -0. 72° I ) are not significantly 
00 00 
different from K-26, it is suggested that they pertain to the same early 
phase of transgression. The carbon isotope compositions associated with the 
crest and early transgression phase of reef VI are identical within error 
limits, and are therefore grouped to give a mean o13c value of +2.78+0.11°/ 
- 00 
(6) Reef Complex VII. 
This is morphologically the most distinctive reef complex of the 
terraces considered in this study. It is the second reef complex in the 
upward sequence (after the Holocene-modern), built out of a steep barrier 
reef associated with a broad lagoon that runs continuously from Kwambu 
northwestwards. Qn stratigraphic grounds, it is separated into a reef VIIb 
barrier, reef VIIb lagoon, and fringing reef VIIa landwards from the lagoon. 
This stratigraphic sequence is considered extremely important because it is 
time-equivalent to the last interglacial episode, and is fully described in 
Chapter 4. The time-stratigraphic relationship between the barrier reef 
VIIb and the crest facies of the lagoon reef VIIb, is interpreted in the 
light of the observed relationship between the modern lagoon and the 6000 yr 
B .P .-old Holocene barrier reef (Fig. 2. 4): ~between emergence of VIIb 
crest at 120 kyr and cessation of coral lagoon-reef growth, ~3 kyr minimt1m 
must have elapsed, assuming both tectonic and glac:lo-custatic factors acted 
at maximum rates. 
Seven T. gigas were sample.cl from the upper front and crest of the barrier 
reef VIIb, and seven other specimens from the lagoon-reef crest VIIb. The 
samples were collected at Sialum and Gagar Anununai sections and were grouped 
according to their association with the barrier or lagoon reef facies. The 
oxygen and carbon isotope compositions are tabulated in Table 5.2. 
t, 
r. 
I 
Eight T.gigas sampled on the crest facies of reef VIIa, are pooled to 
18 0 give a mean o 0 value of -1.67+0.14 / Two T.gigas were sampled from the 
- 00 - -
deeper parts of-reef VIIa at Sazum River gorge (see Chapter 4), and their 
isotopic compositions reflect the marine environment during a large trans-
gressive episode, prior to the last interglacial culmination. Sample K-52, 
collected ~60 m below reef VIIa crest, gives a mean o18o of four determin-
ations of -0.80+0.16°/ , and is assigned an estimated age of 144 kyr, 
-. 00 
assuming a rate of glacio-eustatic transgression equivalent to the Flandrian 
(see discussion above). Sample K-53 collected ~40 m below the crest on the 
same profil~ gives a o18o of -l.24+0.14°/ and is assigned an estimated age 
- 00 
of ~140 kyr. Since the crest VIIa facies and its deeper parts cannot be 
statistically distinguished in terms of carbon isotopes, ten T.gigas are 
13 0 pooled to give a mean o C value of +2.48+0.13 / . 
- 00 
5.2 .3 Reconstructed oxygen and carbon isotope curves for the last 
5 10 years: a discussion 
Figures 5.2a and b are graphic illustrations of the reconstructed 
oxygen and carbon isotope records of Table 5.2, which invites comparison with 
the average palaeosea-level positions at the known or assumed times of reef-
complex development in Fig. 5.2c. To the first approximation, the o18o and 
the sea-level changes are synchronous, suggesting that the transition period 
from the last interglacial (represented in New Guinea by reef complex VII), 
to the present interglacial (represented by reefs I and modern), is within 
a series of ox)rgen isotopes and sea-level oscillations. These oscillations 
are superimposed on a general decline of sea-level to the full glacial 
maximum accompanied by an 180 isotope enrichment, and a subsequent recovery 
to the present sea-level and 180 depletion. 
Figures 5.2 a and b also illustrate a distinct positive correlation 
between o18o anda1 3c records, implying a coupling between the seawater 
carbon cycle and sea-level (or climate) itself. The second version of the 
reconstructed o18o record confirms the dynamic nature of sea-level changes, 
18 indicating significant enrichment in 0 on reef phases prior to a high sea-
l.H 
level stand, and during a phase of sea-level fall. The oxygen isotope 
variations reflect the fast response of the oxygen isotope system to climatic-
induced changes"in the ocean-cryosphere system. The lower the sea-level, the 
t th f 1 · 1 · h' h · 1 d 1 d i·n 180 (see Fi'g, grea er e mass o g acia ice w ic is strong y ep ete 
18 3.1), and hence the more enriched in 0 the contemporary sea water. 
l, 
r. 
I 
' 
Figure 5.2 o18o, o13c and reconstructed sea-level records for the 
'5 last 10 years, from New Guinea coral reefs. The yearly average 
isotope data are based on analyses from the giant clams Tridacna gigas 
which are associated with the uplifted terraces. Note the glacial 
build-up episodes in between the emerged reef phases in New Guinea. 
(a) o18o record. Small circles are group means for each reef facies. 
(b) o13c record. Small circles are group means for each reef strati-
graphic unit. 
(c) Sea-level record according to Bloom et al. (1974); Chappell and 
Thom (1978). 
The bars represent la pooled, allowing both for the instrumental precision 
and for the number of individuals analysed per reef. 
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TABLE 5.3 
Student "t" tests of significance and the calculated interval of the isotope 
difference between the late Quaternary reefs and the modern reef reference datum 
• 
Isa tape T' Level of Reef Phases Discrimination df to .01 Significance tO .JO 
{ 01 BO 14 7.108 2.624 HS 1. 345 crest 6 1 'c 12 5.219 2 .681 !IS 1 . 356 
rp(' r 
{ ,1 1 "0 () NA !I cresl 6 13 c 0 NA 
reef 
f, I Bl) 8. 79} 6 .965 !IS 1. 886 
n•grn. 
,1'"0 \() I I .1112 :>.1r.1, II'.> I. I// 11 lh c rt•:; l 
0 I 8 () 8.833 6.965 !IS 1. 886 
6 13 c 
transgn . 
reef 3.005 2.998 HS 1.415 
,1 1 •o 0 NA 
III a 0
10 0 
r<' v.rn. 
crest 
0 NA 
t\ 1 BO 
transgn. 0 NA 
,1 1 'c 
rl't' r 10 7. 197 2. 7h4 
!IS I. 172 
{ ,1. 10 0 12 9 .J09 2 .681 !IS l. J5h IV crcs t 6 1 'c 9 5.168 2.821 HS 1. 383 
reef 
l 0
1 
'o 0 NA 
regrn. 
f, I BO 13 2.842 2.650 !LS 1. 350 
v crest 6 1 BO 0 NA 
transgn. 
6 1 'c 16 4.341 2.533 HS 1. 337 
reef 
I 
6 1 B0 2. 121 3. 7 4 7 NS 
crest 
VI ""o 6. 313 3.365 llS I. 476 transgn. 
11 13c 
rec r ll 5. 219 2.650 
llS I . 3 SO 
{ 0 J BO 15 l. 945 2.602 NS VIJb lagoon crest 6 13c 13 2. 156 2.650 NS 
rec f 
VI lb barrier { (\ l ao crest 11 6. 586 2.650 llS l. 350 
Vlla 
(1). (2) 
(3) 
(4) 
(5)' (7) 
(6) 
(8) 
<\' 'c 
reef 12 0. 59 7 2.681 
o "o 
crest 
15 0.351 2.602 
o "o 
transgn. 0 
6 1 BO 
transgn. 0 
6 "c 
rec ( 13 2.176 2.650 
Reef ph<lSl'S anJ reef fnclcs ~1ccnrtllng to 'f.-1blc J.2. 
df 
T' 
number of degrees of freedom. 
Statistic Test 
Critical values of "t" distribution at a 
arC". takC".n from 1ialpnle (1974). 
Level 0( slgnifir,111ce: 
0.01 and a/2 
T' > t the difference is highly significant (HS) 
NS 
NS 
NA 
NA 
r-;s 
0.10 
T' < t the dlffercncc ls not i::ufficicnt tn warrant nny signlicmH·c (NS) 
(NA) tlw Hlathitlcal L1•HlB nr1• 110L :ipplfc;ihlc IH'l':1w1I' nl :1yro df. 
Confidence interval at 80% confidenLe level. Where the statistical 
tests are not applicable, the confidence interval was estimated using 
the pooled standard error, +o.17°/oo for c18o and +0.26°/oo for o13 C 
(see Appendix B), The equations used to calculate df, T' and the 
confidence interval are taken from Walpole (1974). 
B 
Confidence Interval 
(D/ 00) 
0.52<d<0.76 
0.35<d<0.59 
(). 91·d<.\.25 
0. 58<d<l.10 
1.04«l<l.62 
(),/I,· d··O, <)!, 
l. JJ<d<l.91 
0.34<d<0.96 
1.58·d··J.92 
0. 70<d<l.04 
1. 47<d<l. 81 
0.5Vd<0.81 
0.8J<d<L.ll 
0.57<d<0.99 
0.42<d<0.76 
0.J6<d<0.44 
0.68<d<l.02 
0.37<d<0.71 
0.56<d<0.90 
0.37<d<0.63 
0.41<d<0.61 
0.23<d<0.57 
0.67<d<l.Ol 
I 
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The modern reef is the only reef building-episode among the eight late 
Quaternary reef complexes where the isotopic composition of T.gigas can be 
directly related to the known environmental parameters which reflect the 
present climatic pattern along the Huon coast (see Chapter 2). It is 
obvious, therefore, that the modern reef isotopic composition should be 
used as a reference datum by which the isotopic difference between any reef 
and the modern one is calculated. The various components associated with 
possible sources of variation can then he established and their relative 
importance assessed. Rigorous, although simple Student "t" - tests, are used 
in Table 5.3 to investigate whether the isotopic composition of a particular 
discrete fossil population of T.gigas is significantly different from the 
modern one. An appropriate statement of uncertainty is given by calculating 
the confidence interval for the difference in the mean of populations. The 
estimation of statistical significance is essential, particularly for cases 
when a small number of samples are drawn from unknown populations whose 
variances are not-likely to be equal, and where it is not practicable to 
select samples of equal size. The calculations are performed giving a weight 
of 1 to each T.gigas, disregarding the number of isotopic determinations. 
The statistical observations from Table 5.3 can be condensed in the following 
points: 
( 1.) N . ' f. d. ff . o 13c 1 d d b f o s1gn1 1cant 1 erences in va ues are etecte etween ree 
(ii) 
complex VII (the last interglacial episode) and the modern reef. 
Moreover, no significant differences in 8180 values are observed 
between VIIa crest, Vlib lagoon and the reference modern reef, 
suggesting a high similarity in the climatic factors between the last 
and presen·t interglacial intervals. However, the statistical tests 
do indicate that barrier reef VIIb at 120 kyr, is significantly 
heavier in 8180 than the modern reef. The isotopic difference lies 
between 0.4 and 0.6 per mil, notwithstanding the evidence that the 
barrier reef grew at a sea level 5-8 m higher than present (Fig. 5.2c). 
Hence, not only does the last interglacial episode in New Guinea 
appears to be consistent with the notion of a bipartite rather than a 
single high sea-stand, but it also shows a well defined oxygen isotope 
oscillation which clearly discriminates between an early phase (VIIa) 
and a late phase (VIIb barrier). This unique compound event will be 
discussed in Chapter 6. 
The oxygen isotope values facilitate the separation of the inter-
s tadials into two major groups. Two early interstadials 
indicate no significant 8180 difference from the modern (i.e. reef VI) 
I 
I 
1 · 1 180 · h ( ' f V) h or on y margina enric ment i.e. ree . Bot reefs are 
heavier in o13c relative to the modern counterpart. 
Three late interstadials represented by the reef complexes IV, 
III and II are significantly heavier in o18o than the modern 
reef, peaking during the regressive phase of reef Illa at 43 kyr 
(difference from present, 1.6 to 1.9 per mil). o13c follows the 
18 8 0 trend and for all three reef complexes the carbon isotope 
compositions are significantly enriched in 13c. There fore, the 
interstadials are separated into "warm" interstadials (105 kyr and 
85 kyr) which are closely related to the modern reef environmental 
conditions, and cold interstadials (60 kyr to 28 kyr) which are 
significantly enriched in 180, and hence climatically dis~inct 
from the present or the last interglacial episode. A well defined 
oxygen isotope "discontinuity" is observed between reef V and reef 
IV crest facies, which constitutes a sharp marker between the 
inferred warm and cold interstadials. 
(iii) The postglacial phase represented in New Guinea by reef complex I 
at 8-6.5 kyr, is significantly different from the modern reef both 
in o18o and o13c compositions, being 0.5 to 0.8°/ and 0.4 to 
oo 
0.6°/ enriched in 180 and 13c respectively. These results were 
00 
unexpected since the sea level around 7 kyr was already within a 
few metres of the present level, suggesting that most of the excess 
glacial ice melted away by this time. Furthermore, the mid-Holocene 
is acknowledged as a worldwide climatic optimum (Emiliani et al., 
1964; Burrows, 1979). 
The yearly average oxygen isotope composition from the late Quaternary 
coral reefs in New Guinea are treated quantitatively in the next section, 
and the interpretation of o13c data is left for Chapter 7. 
5.3 Translation of oxygen isotope data from the uplifted coral reefs 
in terms of palaeoclima tic facto rs 
The study of pnlaeotemperatures in the Pleistocene by means of oxygen 
isotopes was pioneered by Emiliani (1955) in his classic study "Pleistocene 
temperatures", and was followed in numerous applications to a wide variety 
135 
of Pleistocene records such as deep-sea cores (Shackleton and Opdyke, 1973; 
Kellogg et al., 1978), ice cores (Dansgaard and Tauber, 1969; Epstein et al., 
1970), speleothems (Hendy and Wilson, 1968; Harmon et al., 1978) and with a 
limited success in coral reefs (Weber, 1977; Fairbanks and Matthews, 1978). 
These studies, separately and together, point to the fact that both the 
l, 
r. 
~-
I 
I 
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temperature and the oxygen isotope composition of the glacial ocean changed 
dramatically during the late Pleistocene. However, the difficulty in separ-
ating the temperature signal from the palaeo-ocean oxygen isotope composition 
(directly related to marine records and indirectly to terrestrial records) 
proved to be the "Achilles heel" of many palaeoclimatic studies and is 
reflected by a diversity of estimates for time-equivalent events. 
A primary objective here is to demonstrate the validity of a new 
technique appropriate to emerged coral reef~which permits the disentanglement 
of the marine palaeotemperature from the oxygen isotope composition of the 
palaeo-ocean. This technique utilizes oxygen isotope data in conjunction 
with sea-level data taken from the same site. 
5.3.1 Estimate of the glacio-eustatic factor "incorporated into the 
6180 records 
The relationship between the oxygen isotope composition of Tridacna's 
aragonitic exoskeleton, the temperature of deposition and the isotopic 
composition of the ambient water was established empirically by equation 
18 16 3.7. However, the 0/ 0 thermometer can be resolved for temperature only 
if the isotopic composition of the water is known or can be estimated and 
accordingly the temperature equation is appropriate for modern samples. In 
order to change its character into a palaeotemperature equation, a n~w term 
has to be incorporated: 
(°C) T 18 21.30 - 4.42 (6 OPDB-A) (5.5) 
The new term, A, represents the difference between the isotopic composition 
of the sea water in which the fossil Tridacna lived and the average mean ocean 
water (0°/ SMOW). This aproach follows the revision introduced by Emiliani 
00 . 
(1955) to Epstein et al. (1953) empirical palaeotemperature equation, in order 
to account for possible past changes in the oxygen isotope composition of the 
ocean. 
That 6180 of the ocean must have changed significantly during the 
Pleistocene is no longer a matter of debate and this point is illustrated 
by the following example. The mean 6180 composition of the ocean today 
h 0°/ h 2·6 x 106 km3 of f h · h · · reac es , w en res water wit an average 1sotop1c 
00 
composition of -30°/ (Johnsen et al., 1972) is locked into the Antarctic 
00 
and Greenland ice caps. If this ice volume which represents ~2% of the 
global water budget melts, not only would the sea-level rise by 72 m, but 
0 0 
the oceanic isotope composition woul<l also change from ~o / to -0.6 / . 
oo 00 
I 
I 
Since widespread evidence points to the fact that ~3.7% of the present 
ocean water has been transferred to the terrestrial ice caps late during 
the last glacial maximum at about 18 kyr (Bloom et al., 1974; Yafeng 
and Jingtai, 1979), this process must have been accompanied by significant 
changes in the oceanic isotope composition. 
Assuming that the detailed relative palaeosea-level estimates from the 
coral reefs in New Guinea are the reciprocal of ice volume changes, 
the glacio-eustatic factor incorporated in the water isotope correction term 
A (equation 5.5) can be calculated. Therefore, it will be possible to 
18 
check whether part of the observed o 0 fluctuations might also be due to 
real changes in mean water temperature. Since all the other parameters 
essential in palaeotemperature calculations are recorded, the only factor 
to be assessed is the isotopic composition of the glacial ice. 
137 
Figure 5.3 illustrates th~ magnitude of the oceanic o18o shifts resulting 
from various combinations of excess glacial-ice volumes (and consequently 
the sea-level fall generated by the growth of this ice), and the oxygen 
isotope fractionation values between the continental ice and the ocean. 
Three sets of data are superimposed on this diagram:-
18 (i) Published estimates of the average o 0 composition of the 
Pleistocene ice, the maximum excess ice volume, and the 
b 180 . h . d . h k f h su sequent enric ment in sea water uring t e pea o- t e 
late Wisconsinan glacial maximum. 
(ii) Estimated relative palaeosea-level positions for the'reef crest 
facies during the late Quaternary reef-building episodes in New 
Guinea (data from Table 5.2). 
(iii) Predicted palaeosea-level positions for the identical reef phases 
.l' 180 f . . d' as (ii), calculated from the u ree crest compositions accor ing 
to the relation: 
0180 
sea-level 
x 3800 (5.6) 
18 Underlying equation 5.6 is the assumption that o 0 changes between 
18 
reefs result solely from glaclo-eustatic 8 0 .variations In the ice-age 
18 0 
ocean. According to Chappell (1974b), it is inferred that o Oice = -25 I 
for the early Wisconsinan stages (115-85 kyr) and o18o. = -37°/00 for th~0 ice 
mid to late Wisconsinan stages (75-18 kyr). The benefit of Figure 5.3 is 
apparent since it illustrates at once four interrelated parameters and the 
transfer functions between them. 
I 
Figure 5.3 Contours of per mil shift of the oxygen isotope composition 
of sea water generated by various combinations of excess glacial ice 
volume and oxygen isotope fractionation between continental ice-ocean. 
Contour equation= 3800xo 180 glacio-eustatic/2.5x(o 180. -o 180 ). Note ice sea 
that three sets of data are superimposed on this diagram: 
(1) The encircled letters are published estimates of the maximum 
oceanic 180 enrichment during the late glacial maximum at 18 
kyr B. P. E = Emiliani (1971); D = Dansgaard and Tauber (1969); 
L = Olausson (1965); S =Shackleton and Opdyke (1973). 
(2) Filled circles are estimated palaeosea-level positions during 
the late Quaternary reef-building episodes in New Guinea (data 
fr om Tab le 5, • 2) . 
(3) Filled triangles are calculated palaeosea- level positions for 
the same episodes as (2), based on reef-crest mean 0 18 0 com-
positions (see text). 
The last and pres,ent interglacial intervals are irrelevant for the dis-
cussion and therefore omitted from the diagram. Also note the increased 
discrepancies between the stratigraphic palaeosea-levels and o18o sea-levels 
from the early to late Wisconsin stages in New Guinea. 
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The reasoning underlying the estimates in (i) are important to our 
subsequent discussion and are classified into the three following categories: 
( ) I b 1 . d l' . f 180 d f. . a ce-water mass a ance estimates an an upper imit o e iciency 
in the excess ice imposed by measurements in the Greenland ice cap 
(Olausson, 1965; Dansgaard and Tauber, 1969). 
(b) A constant temperature assumption leading to the argument that some 
18 o 0 deep-sea core records are essentially palaeoglacial curves 
l (Shackleton and Opdyke, 1973). 
I 
I 
(c) The residual left between the measured o18o amplitude in regional 
deep~sea core records and the o18o temperature signal obtained 
independently from micropalaeontological evidence, is considered as 
the real o18o ocean changes (Emiliani, 1971). 
It is observed that the problem of how large the water correction is 
(term A in equation 5.5) due to differences in the ice volume during glacial 
maxima and minima is unresolved from the above records, and the estimates 
0 
range between 0.5 and 1.2 I . Chappell (1974b) has noted relative amplitude 
00 
differences between sea-level oscillations resolved by the coral reefs in 
New Guinea and o18o curves in deep-sea cores. In order to reconcile these 
apparent discrepancies, Chappell (op.cit.) advanced the interpretation 
that ice sheets formed around the early Wisconsinan stages were less depleted 
i. n 180 (-25°/ ) , 1 · h 1 d d · h 1 W · · re ative to t e ones accumu ate uring t e ate isconsinan 
oo 
stages (-37°/ ). Using o18o. 
oo ice-ocean 
are observed between the stratigraphic 
estimates, significant differences 
sea-level and o18o data 
sea-level 
which cannot possibly be reconciled without invoking a significant residual. 
Two observations emerge from this comparison. Firstly, the differences 
between the stratigraphic and the o18o data are negligible to 
sea-level 
marginal during the early interstadial culminations (reefs VI and V). 
Secondly, the gap widens and becomes highly significant during the late 
interstadial culminations (reefs IV, Illa, Illb and II) and during the mid-
Holocene. The maximum residual is observed for reef II which is the closest 
in time prior to the late last glacial maximum. o18osea-lcvels constantly 
indicate lower sea-levels and consequently higher o18o ocean shifts than the 
stratigraphic sea-levels. Probably the simplest way to interpret these 
discrepancies is to introduce a temperature cooling residual which will 
account for the recorded 180 enrichments. However, different mechanisms 
other than temperature can in principle explain the dramatic change from the 
early to late interstadials, and they have to be clarified in the limits 
imposed by geological and climatological constraints. The observed differences 
can be interpreted in the following terms: 
I 
•·-
I 
(i) The stratigraphic sea-levels underestimate the glacio-eustatic 
factor whereas o18o are accurate. Implicit in this 
sea-levels 
interpretation is that during the mid to late ice age, geoidal 
deformations and/or hydroisostatic factors are superimposed on the 
sea-level data, apart from glacio-eustatic effects. 
(ii) o18osea-levels overestimate the glacio-eustatic factor while the 
stratigraphic sea-levels are accurate. 
Three different mechanisms can account for this interpretation: 
(a) 
(b) 
( c) 
A significant change in the isotopic composition of the glacial ice 
from early to late Wisconsinan stages. 
A large ocean-based ice sheet corning into existence between 85-60 kyr. 
Significant ocean temperature cooling during the mid to late inter-
stadials, relative to the early ones. 
The alternatives are examined in turn. Calculation of the impact of 
glacial isostasy on global sea-level by Clark et al. (1978), points to 
potentially serious regional discrepancies in palaeosea-level records, 
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which tend to give either too low or too high values compared with an 
eustatic curve. Furthermore, M8rner (1976, 1978) argued that palaeogeoidal 
changes can take place in a time scale of 104 years due to hypothetical 
glaciation effects on the rate of the earth's rotation and gravity distribu-
tion, and consequently inducing geodetic sea-level changes. These aberrations 
which challenge the glacio-eustatic theory are critically examined by Chappell 
(1980). However, it is argued here that non glacio-eustatic effects cannot 
account for the observed differences between stratigraphic and o18o · 
sea- level 
for the following reasons. Firstly, although large volumes of water were 
cycled between the ocean and the land during the early Wisconsinan as well as 
during late Wisconsinan stadials-interstadials (see Fig.5.2c), and hence 
non-glacio-eustatic effects must have been active during both intervals, the 
discrepancies between the stratigraphic qnd o18o 1 1 are significant sea- eve s 18 
only during the second half of the ice age. Secondly, if o 0 1 1 sea- eve 
figures are accurate, they predict a palaeosea-level during reef IV 
culmination (60 kyr) of ~-100 rn, whereas the stratigraphic sea-level from 
New Guinea at -28 rn is in excellent agreement with estimates from areas as 
far apart as Ryukyu and Barbados. This correspondence argues against any 
significant regional non-glacio-eustatic component in the sea-level record 
from New Guinea. Thirdly, widespread evidence indicates a sea-level within 
a few metres of the present during the mid-Holocene (Bloo~, 1971), which 
18 
certainly does not support the o 0 1 1 of -70 rn. Fourthly, Clark et al. sea- eve 
(1978) predict that the northern Australian region should register sea-level 
,. 
I 
I 
changes rather closely accordant with actual ocean water volume changes. 
Furthermore, some of M8rner's notions involving changes of geoidal shape 
originating at the core-mantle boundary can be ruled out on the grounds 
that lower mantle relaxation times exceed 104 years (Chappell, 1980). 
Therefore, the rejection of (i) leads to the examination of the 
obvious alternative, that the stratigraphic sea-level data accurately 
18 
reflect glacio-eustatic changes, whereas o 0 sea-levels overestimate this 
factor. A change in the oxygen isotope composition of the glacial ice 
f 1 1 W . . . 1 . . . f . 180 d 1 . rom ear y to ate isconsinan stages imp ies a s1gn1 icant ep etion 
gradient between the ice and the ocean. Rearranging the terms in equation 
5.6 and inserting the known parameters (palaeosea-level, o18o modern, 
o18o reef), it can be shown that o18o composition of the glacial ice had to 
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be roughly -100°/
00 
in order to bring o18osea level figures to match the 
stratigraphic ones. It is quite inconceivable for the glacial ice to reach this 
value. Furthermore, the maximum recorded o18o depletion in the Antarctic 
ice cores where the ambient temperatures are the world's low.est, did not 
exceed -60°/ during glacial maxima (Jenssen, 1978). This interpretation 
00 
is therefore discounted. A large ocean-based ice sheet perpetuating next 
to the early Wisconsinan major glaciation around 75 kyr may close the residual 
left between stratigraphic and o18osea-level' This ice sheet, floating or 
steady on the ocean bed, would not be recorded either by sea-level lowering, 
because it will displace its own volume in water, nor by terminal moraines. 
I ·11 1 . b d db . . h'f . h .r 18o f h h t w1 on y e recor e y a positive s i t in t e u o t e ocean, t e 
magnitude of the shift depending on the ice-sheet size. However, this is 
ruled out on the grounds that evidence for such an ice cap is lacking. 
Moreover, the residuals would require that ~60% of the total glacial ice 
(~30 x 106km3 ice) have to be locked in a giant marine ice sheet. This 
is quite inconceivable, although Broecker (1975) has advanced the hypothesis 
of a large Arctic ice sheet which can account for up to 0.4°/ for the 
00 
• .l' 180 . . h. f oce.anic u positive s i t. 
In conclusion, the only reasonable interpretation of the residuals 
left between sea-level data, which are viewed here as the reciprocal of 
ice volume changes, and o18o is a temperature signal incorporated 
sea-level' 
into the oxygen isotope compositions of the reefs in New Guinea. In order 
to compute the water correction factor A in equation 5.5 from the strati-
graphic sea-level data, the transfer function relating sea-level variations 
to the contemporary shift in the oceanic oxygen isotope composition must be 
known. Three out of four independent estimates in Fig. 5.3 indicate a 
remarkable agreement in terms of the maximum shift in the o18o composition of 
I 
I 
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0 
the ocean (0.9 to 1.2 I ) and the maximum fall in sea-level (-100 to -120 m). 
00 
0 Therefore, a value of 0.1 I /10 m is accepted here as a realistic transfer 
00 
function between the oxygen isotopes and the sea-level estimates, and will 
be used in the following palaeotemperature computations. 
5.3.2 Computations of palaeoclimatic data from coral reefs in New Guinea 
Yearly average oxygen isotope data are translated into palaeoclimatic 
parameters and the results are tabulated in Table 5.4. The 
computations are explained in detail in the caption. The water correction 
factor is disentangled from the temperature signal in accordance to the 
model developed in the previous section. Quantitative interpretation of the 
carbon isotope data is left for a later discussion in Chapter 7. The 
attempted correlation between coral reef stages in the New Guinea record 
and deep~sea core stages, is based on the correspondence between radiometric 
ages in New Guinea (Table 5.4, line 4) and the age estimates in deep-sea 
cores which assume a uniform sedimentation rate (Shackleton and Opdyke, 1973), 
as well as on the oxygen-isotope stratigraphy records. A detailed account 
of problems of documenting global climatic variations is given in section 
5.5. The following points emerge from the study of the palaeotemperature 
estimates: 
(i) Sea water temperature along the Huon coast, New Guinea, were not 
(ii) 
significantly different from modern values during the emergence 
from the Riss major glaciation at about 145 .kyr, and were slightly 
warmer than present during the culmination of the last interglacial 
early phase at 133 kyr (reef VIIa). However, a significant cooling 
of ~2°c occurred during the late interglacial at 120 kyr, followed 
by a rapid recovery to climatic optimum levels at 117 kyr,around the 
time sea-level started falling towards the first early glaciation. 
Although the sea-level record (Fig. 5.2c) indicates two glaciation 
episodes during the interval 115-85 kyr of the same intensity as the 
one prior to 60 kyr, sea water temperatures always returned to the 
interglacial levels during the transgression culminations at 105 kyr 
and 85 kyr (reefs VI and V). However, the glaciation prior to 
reef IV must have been of a more drastic characte~ because sea 
water temperature at the culmination of reef IV transgression did 
not recover as before, but indicates a cooling of ~3°c below 
present. Moreover, this cooling effect persisted throughout the 
length of the late Wisconsinan interstadials, recovering only 
during the present interglacial. 
I 
TABLE 5.4 
Computations of palaeoclimatic parameters and amplitudes of late 
Quaternary 
1. Reef complexes in New Guinea 
2. Reef-building episodes 
3. Dee'p..eea core stages 
4. Age estimate (xlOOO yr) l\P 
isotope fluctuations for the uplifted coral reefs 
in New Guinea 
Modern II II lh IT I .1 
. R 
7* 28.5* 37 40 42' 4 J 4S 13 
IV 
60• 
5. 01'or·0'11o(T.gigas)(6111am .. -1.64) -1.6li -1.00 -0.)6 -0. ll -0.80 -0.fl/ 0.11 -0.77 0,0 -0.6/ 
6. M 180 .. 6 1 'or -6 180m 
7. 6ncr·6'3c(T.gigas)(613crn"' 2.28) 
8. M"c·6 13 Cr-6 13 Cm 
9. Sea-level estimate ('m) 
10. 618oaea-level (1m)= -tiolexlOO 
11. 6'eoresid11al •(see-level - 6180sea-lcvel) x 0.01 
12. A• M 18 0-6 18o 
residual 
13. T(6) isotope temp.estimate (°C) 
1. Reef complexes in New Guinea 
2. Reef-building episodes 
3. Deep-sea core stages 
0.64 
2. 28 2. 7S 
o. t..7 
-7. s 
-64 
O.S7 
-0.07 0.08 
28.2 26.1 
-2 .1 
Sa la 
J.08 1. J3 0.84 
l.12 2 .93 2.91 
0.84 0.6S 
-42 -so -19 
-108 -133 -84 
0.66 o.in o.45 
0.42 o.so o. 39 
2S. 6 14 .9 26.6 
-2 .6 -3. l -J.6 
Vl 
la Sc Sr 
1.61 1. 75 0.87 J.64 0.97 
1.93 2 .98 2 .98 1.98 3.06 
0.65 o. 70 o. 70 o. 70 o. 78 
-47 -40 -30 -so -18 
-162 -175 -87 -I64 -97 
J. 2 1. 15 O.S7 J. I4 0.69 
0.47 0,40 o. 30 o.so 0.28 
13. s 22 .6 26 .o 21. s 25.S 
-4. 7 -S.6 -2 .1 -4. 7 -2. 7 
Vllb Vlla 
Se Se Se Se 
!,\!(' l;1tL' C'.1rly early C',·uly 
4. Age estimate (xlOOOyr} I\\' 82 85* 90 105* 110 117 120"' lJJ* 140 lt.t .. 
5. 6teor•61eo(T.gigas)(6teom= -1.64) -1.05 -1.34 -0,79 -1.4/i -0.91 -1.47 -l.13 -1.67 -1.24 -0.RO 
6. tiotea-01eor-c510om 0.59 O.JO 0.8S (0.20) 0.73 (0.17) O.SI (-0.03) 0.40 0.84 
7. r,Jlcr·<~tlc(T.glgm1)(t~11Cm• 2.28) 2.H2 :1 .H:~ ?.H2 2.7H 2.7H 2.'i'> 7. \(i 2.lifl 2.ldi 2.1+8 
8. M 13c .. 6 13 C -6 13 c 
r m 
o.s4 o.s4 o.s4 o.so o.so (0.17) (o.osJ (0.20J (0.20) (o.20J 
9. Sea-level estimate ('m) -2S -13 -38 -lS -40 -10 -40 -60 
10. 0teofH'll-lrwt('m)'" -Mll'lxlOO -59 -10 -A'l -20 -71 -17 -51 -110 -84 
0.34 (0.17) O.lil (0.0'") o. n co.on o. '>6 (li.02) }\. 6 1 ~0rcsidual • (1w;1-\1'VL'\ - iiJH()S(';l-lPVf'l) X {),()l 
12. A .. 66 180-6 180 
residual 0.25 0.13 0.]8 0. IS 0.40 0.10 -0.05 -0.0S 0.40 0.60 
13. T(6) isotope temp.estimate (°C) 27. 0 27 .8 26. 5 28. l 27 .1 28.2 26.1 28.5 28.5 27.5 
Line 2. 
Line 3. 
Line 4. 
Line 9. 
Line 10. 
-1.2 (-0.4) -J.7 (0.1) -1.I (0) -2.1 (0.3) (O.J) (-0.7) 
·--------------------~----
Reef phases according to stratigraphic analyses (see text); R - regressive phase; C - crest phase; 
T - transgressive phase. 
Correlations l!k1de with the conventional deep-sea cnrc stages deftned by Emi 1iani. (1955), and Shackletnn 
and Opdyke (19 73). See text. 
Agr estimates hased nn radiometric detcrmlnfltinns (Verh and Ctrnppell, 1970; Chappell, 197lia; filoom 
et 111., l9H) are mnrkl'<l w1tb an R.'Herisk. OthC'r ll~e estimntC'S 11rc str;1tigrnphtcnlly dPfined in this 
;:;-;;-~ SC'£' text. 
Palaeosen-1cvC'l C'Stimatl's (tectontc f.1ctor aubtrnctcd) for the reef crest f;icies, according to Bloom 
ct 111. (1971+). For transillonal pha!'!PS, this work. 
The "isotope" palacosc."1-level, calculated by assuming that the difference in the oxygen isotnpe composition 
between any reef and the modern derives solely from the transfer of 180-depleted water to the ice caps. 
0.1°/
00
/10 mis used as the transfer function. 
Line 11. Difference bet\Jeen "isotope" palaeosea-level and stratigraphic sea-level estimates, taken as being 
temperature related. 
Line 12. Difference between the isotopic residual incorporating the temperature effect and the isotope amplttude, 
tnken as the water ~sotope correction fActor "A" in equntlon 5,5. 
Line 13, Palaeotemperature estimates using the pnlaeotempernture equation calibrated for~ aragcmitic 
exoskeleton (5,5). The resulting estimate for the modern reef compares well with the mean annual sea 
surface temperature in the Vitiaz Strait (280C). 
Line 14. Palaeotemperature differences from modern values. 
11~3 
(iii) 
(iv) 
(v) 
(vi) 
(vii) 
0 The maximum fall in temperature of ~6 C below present is 
registered during a regressive phase at 43 kyr, though this 
figure must be regarded as an upper limit of the maximum cooling 
around New Guinea, because the glaciations maxima are missing 
from the record. 
0 Rapid fluctuations in temperature of up to 4 C are observed 
between the culminations and transitional phases during the late 
ice-age stages. 
Mid-Holocene values indicate a significant amelioration in the 
sea water temperature relative to the previous levels, though a sea 
water temperature 2°C cooler than present is indicated. 
The palaeotemperature estimates provide a firm basis in separating 
the Wisconsinan interstadials into an early-warm phase (reefs 
VI, V) and a late-cold phase (reefs IV, Illa, IIIb, II). 
The significant inconsistencies between the oxygen isotopes and the 
sea-level estimates, taken separately in New Guinea, does not 
encourage the use of oxygen isotopes as a unique solution to the 
glacio-eustatic estimates as Fairbanks and Matthews (1978) suggested, 
because temperature residuals may be an additional complicating 
factor. 
5.4 High resolution isotope seasonality from interglacials and 
interstadials 
Evaluation of the spot seasonal isotope analyses fer modern Tridacna 
growth layers indicate excellent agreement between environmental observations 
144 
and isotope measurements, suggesting that the oxygen isotope seasonal curves can 
be viewed essentially as temperature records (Chapter 3). At least 60% of the fine 
seasonal fluctuations can be ascribed to the ambient water temperature seasonal 
contrast,and the rest of 40% or less most certainly is the result of regional 
sea water dilution in summer and slight evaporation during the winter. 
Likewise, the carbon isotope curves are interpreted in terms of fluctuations 
in the dissolved carbon system, induced by reef organic productivity seasonal 
variations. 
The Tridacna probe has been tested further through growth band analyses 
of specimens collected from the Pleistocen~ raised reefs of the Huon Peninsula. 
Well preserved growth band textures from four ancient T.gigas are shown in 
Plate VIII. Fifteen T.gigas specimens were selected among the samples 
collected on the lower coral reef terraces, and the distinct seasonal growth' 
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layers representing the Austral summer and winter seasons were analysed 
for oxygen and carbon isotopes. The samples preparation and analytical 
methods were identical to the ones used for the modern samples,which are 
described in detail in Chapter 1. Particular care was taken to avoid any 
post-depositional contamination in the manner already described. More than 
200 oxygen and carbon isotope analyses were performed and the results are 
tabulated in Appendix D, Table D-1. Care was taken to include at least one 
sample from each reef phase, although no spot-seasonal analyses were performed 
on the single specimen associated with reef II because of the sample frag-
mented nature. Typical isotope seasonality patterns for the time span 
covered by the late Quaternary reef-building episodes in New Guinea are shown 
in Figure 5.4 from (a) to (i), in descending chronological order from the 
early stages of the last interglacial to Holocene. In order to facilitate 
the comparison, all spot seasonal curves are plotted on similar scales, and 
with the same symbols as the four modern specimens in Fig. 3.6. 
Some general inferences are apparent in Fig. 5.4 which point to 
significant variations in the seasonal isotope amplitudes and their association 
with the distinct climatic episodes: 
(i) The largest winter-summer o18o contrasts are documented during the 
transgressive phase and the culmination of the early stage of the 
last interglacial episode (VIIa). 
(ii) Quasiregular winter-summer oxygen isotope amplitudes similar to 
present are observed during the early warm interstadials (VI, V) 
and the first of the cold interstadials (IV). 
(iii) Reduced o18o seasonal amplitudes are observed during the late phase 
of the last interglacial episode VIIb, and the late cold interstadials 
Illa and IIIb. 
A significant reduction in the winter-summer oxygen isotope contrast 
is recognized for the Holocene samples. 
A gross positive correlation is observed between the fine scale 
18 13 13 o 0 and o c seasonal curves, though the o C seasonal contrast is 
less pronounced than the o18o, within the same samples. 
'13 Enhanced o C seasonality is observed during the last and present 
interglacials and the warm interstadials and a reduced contrast 
during the cold interstadials and the mid~Holocene. 
Figure 5.4 a. to i. Typical o18o and o13c seasonal curves for ancient 
Tridacna gigas internal laminated growth layers. The figures are 
arranged descending in chronological order, from the last interglacial 
interval to Holocene (see text). 
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5.4.1 Quantitative analyses of seasonal fluctuations during the 
late Quaternary reef-building episodes 
The quantitative analyses of the isotopic seasonal pattern will procee,d 
according to the assumption that the proportional contribution of the various 
climatic factors responsible for the recorded seasonal isotope variability 
in the modern samples, was not significantly different during the late 
Quaternary stages. The above mentioned climatic factors are: 
(a) 
(b) 
(c) 
the temperature contrast in the ocean adjacent to New Guinea; 
the atmospheric seasonality expressed by the summer northwest monsoon 
and the dry winter southeast trades; and 
the distinct water masses moving through the Vitiaz Strait and driven 
by the seasonal wind pattern. 
Since it was shown previously that the largest seasonal climatic factor 
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ff · th 18o;16o rati·os · T 'd ' h'b d · a ecting e in ri acna s growt an s is sea water temperature, 
o18o seasonal curves will be considered essentially as isotope-temperature 
curves. If the oxygen isotope seasonal contrast in ancient samples is 
significantly different from the modern ones, the proportional contributi?n 
of each climatic factor will need to be reconsidered, and alternative inter-
pretations introduced. The benefit of this strategy is apparent. Assuming 
18 
that the o 0 seasonal curves reflect in principle seasonal temperature changes, 
these can be calculated without further knowtedge of the isotopic water 
correction factor "A" induced by ice-storage volume (see equation 5.5). This 
is because any significant variation in "A" has a time response much larger 
than,the seasonal variability. Thus the temperature seasonal contrast·can 
be calculated according to the equation: 
where 
(°C) T 
s 
T 
w 
(5. 7) 
-r
18o d T h 18o; 16o . . h h b d d h u an are t e ratio in t e summer growt an s an t e 
s s 
summer sea water tem,perature, respectively . 
.r
18o d T h 18o;16o . . h . h b d d h u an are t e ratio in t e winter growt an s an t e 
w w 
winter sea water temperature, respectively. 
Computations of the available data using equation (5.7) and the 
results related to the isotopic seasonal values in the modern and ancient 
T.gigas samples are tabulated in Table 5.5 and Appendix D, Table D-1. The 
points revealed by the above calculations can be summarized as follows: 
~l"i1 n'·'r111-:~ .. ~ ,.., ....... l~'i 1~~~~~··-,.,l',,'r 
"1111"'' ~~' ·~·· '"Tlr'f''""" 
TABLE 5.5 
Computations of isotope palaeotemperature seasonality for the late Quaternary reef-building episodes in New Guinea. 
1. Reef complexes in New Guinea Modern I 11 lllb Illa IV v VI Vllb Vlla 
-2. Reef-building episodes c c c c R c c c c R c c Tl 
3. Age estimate (xlOOOyr) BP 0 7* 28. 51< 40 43 45 60* 85>'< 105'" 117 120* 133* 144 
4. (°C) Max.Seasonality= Ts(max) - Tw(min) 3.1 3.0 - 3. 7 2.3 3.2 2.4 J.2 2.3 3.6 2.5 6.0t 11.2 t 
-'-
-1.3 t 5. (°C) Min.Seasonality= T (min) - T (max) 0.1 -0.3 - -0 .1 0.4 1.4 -0.3 1.1 0.8 -1.8 0.2 -0.8 
s w 
6. (°C) Mean Seasonality= Ts(a) - Tw(a) 1.8 1.0 - 1.1 1.2 1.8 1.2 2.0 1. 5 1.0 1.1 1.9 t 4./ 
7. Summer Solar Radiation Qs -1 (ly. day ) 904 888 891 884 892 897 870 854 849 934 924 873 907 
8. Winter Solar Radiation ~ (ly. day -l) 803 814 823 822 811 805 838 851 862 779 786 830 804 
9. t:.Q = Qs - ~ 101 74 68 62 81 92 32 3 -13 155 138 43 103 
Line 2. Reef phases according to stratigraphic analyses (see text); R - regressive phase; C - c~est phase; T - transgressive phase. 
Line 3. Age estimates based on radiometric determinations (Veeh and Chappell, 1970; Chappell, 1974a; Bloom et al., 1974) are marked with an asterisk. 
Other age estimates are stratigraphically defined in this work. See text. ~~-
Line 4, 5 ,6. Maximum, minimum and mean palaeotempe rat ure seasonality using data from Appendix D, according to equation 5 . 7. t If the alternative inter-
pre ta tion is accepted (intensified summer monsoon dilution), the temperature seasonality during the last interglacial should be l 0 l, - see text. 
Line 7,8. ·Solar radiat~on half-year s:asonal levels at the to~ of the ~tmosphere, calc;:ul~ted fr~m mont~ly.rnean_insol~tion f~r 6°S, the latitude of Huon 
reefs. Data in 1angleys day 1 (1langley=1 cal cm- =41.85 kJ. m-2). Caloric insolation variations involving orbital geometry have been 
performed on digital data by Andre L .. Berger. 
Line 9. lnsolation seasonality computed from lines 7 and 8. 
..... 
Vt 
0 
(i) 
(ii) 
(iii) 
5.4.2 
The errors involved with the sunnner and winter o18o populations 
0 
are between 0.05 I 
00 
and 0.25°/ 
00 
The exception to this are 
the reef Vlla, where the error for summer samples associated with 
0 
values (up to +1.0 I ) is four times larger than the winter ones, 
- 00 
indicating a large summer o18o variability relative to the 
"normal" dispersion of the winter values. 
Maximum seasonality data (Line 4, Table 5.5) show significantly 
larger amplitudes during the Vlla stage (6-11°C) relative to the 
0 present (rv3 C) • 
Although mean temperature seasonalit ies (Line 6, Table 5. 5) smooth 
the contrast, it does clearly indicate that the seasonal contrast 
was similar to present during the warm interstadials V and VI 
(1. 5-2°C), moderately reduced during the cold interstadials IV, 
Illa, lllb and the last interglacial late phase Vllb (l-l.8°c)~ and 
significantly reduced during the mid-Holocene (0.9-1°C). 
Discussion 
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The occurrence of large seasonality peaks during the last interglacial 
and the diminution of the seasonal contrast during the ice-age cold inter-
stadials, and in particular within the course of the mid-Holocene, is 
intriguing, but the significance that these data might have to a better 
understanding of the mechanisms responsible for glacial-interglacial cycles 
is not clear. However, some thought and observations can be discussed within 
the framework of the regional climatic parameters operating today in the 
area, and their relative importance in the past can be inferred from the 
available data. The discussion here focuses on the last interglacial 
episode and the Holocene, where the seasonal isotope data indicate anomalous 
behaviour of the climatic components. 
Typical o18o and o13c seasonal curves for T.gigas associated with 
reef Vlla are shown in Fig. 5.4(a) and (b). Whereas the winter o18o 
compositions indicate a low dispersion with the standard error not exceeding 
0 0.2 I , the sunnner compositions indicate a high dispersion reflected by a 
00 
standard error ranging from 0.4 to ~1°/ (lines 12 and 13, Appendix D, 
00 
Table D-1). Since the analytical technique cannot account for more than 
0.1°/ of the documented variability, it must be concluded that the large 
00 
departures are related to environmental disturbances during the Austral 
sunnner. On one hand, if the relative proportion of the various climatic 
factors were similar to the present, the model described in Chapter 3 indicates 
"' <'ji· 
I 
~ 
~ 
~· 
that the o18o seasonal curves can essentially be viewed as seasonal palaeo-
temperature records. On the other hand, if the relative proportion of 
the climatic factors were different from the present, intensified sea 
18 . 
water dilution rather .than temperature can affect the o 0 compositions in 
the manner observed. Viewed as a first order temperature records, o18o 
seasonal compositions indicate seasonalities of between l-11°C. It is 
·d h h h summer s 18o 1 · b 1 d · evi ent, owever, t at t e u popu ation can e c ustere into 
two 
has 
statistically distinct groups: 33% of the entire summer bands population 
a mean o18o composition of -2.36+0.3°/ and a corresponding isotope 
- 00 
0 temperature of 31.5 C, whereas the remainder of 67% has a mean o18o of 
-1. 51+0 .1° I and a corresponding summer temperature of 28°c. Assuming 
- 00 
that 67% of the population represent the real temperature signal and 
33% reflect sporadic incursions of intensified monsoon superimposed on the 
temperature signal, one can estimate the intensity of the monsoon rain 
required to lower the o18o composition of the mixed layer in the Vitiaz 
Strait by -0.85°/ . This can be estimated from equation 3.8, by changing 
00 
the terms and introducing the temperature factor (the second term in 
equation 3.8 is small and can be neglected). 
where 
p 
s 
p 
s 
h (0.23 T - 4.8 + o18o ) 
c 
o18o - (0.23 T - 4.8 + o18o ) P.S. c 
is the amount of monsoon precipitation. 
(5.8) 
h is the depth of the mixed layer in the Vitiaz Strait (40 m and 
100 mare taken as lower and upper limits). 
T is the summer sea water temperature taken at 29°c. 
o18o = -10° I (the present oxygen isotope composition of the summer p .s. 00 
monsoon). 
Solving the above equation, it becomes apparent that the monsoon 
intensity had to increase 1.5 to 3.7 times (P = 3.3 m to' 8.3 m) the present 
s 
0180 levels (P = 2.3 m), in order to account for the summer dilution. 
6 
Whereas the upper limit might be exagerated, the lower limit is reasonable 
and is recorded today in New Guinea in years with distinct heavy monsoon 
rain (Brookfield and Hart, 1966). In summary, two environmental causes may 
be responsible for the observed isotope variations: 
(a) High variability in the summer sea water temperatures (28°-31.5°c) and 
a high constancy of winter temperatures (27°c), indicating large 
seasonality amplitudes. 
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(b) Episodic intensification of the summer monsoon with 2 to 4 times 
higher than present rates of precipitation. In this case, the 
estimated sea water temperature did not exceed 28°c during the 
summer and 27°c in winter, indicating a reduced temperature 
seasonality. 
It must be stressed that all T.gigas associated with VIIa crest were 
sampled from the seaward side of the fringing reef at Sialum section, away 
from any ancient streams and hence no local effects are envisaged. Although 
it is difficult in this stage to reject any of the two interpretations, (b) 
is preferred for the following reasons. Firstly, large variations in the 
summer monsoon thought to be related to the Southern Oscillation Index 
(Quinn, 1971; 
Pacific area. 
Wright, 1978) are relatively frequent in the west equatorial 
. 13 Secondly, large 8 C seasonal excursions are observed for 
samples associated with reef VIIa crest, which are positively correlated 
with o18o seasonal fluctuations. According to the model advanced in Chapter 
3, depleted o13c compositions are related to reduced levels of organic 
productivity during the summer, induced by inimical environmental stresses 
on the reef. Reduction of sunshine hours due to increased cloudiness and 
extensive sea water dilution during the monsoon are implicit in the model. 
It is argued here that the relation between o18o and o13c seasonal data is 
causal and not coincidental, and the cause is identified with increased levels 
of monsoon precipitation during the early phase of the last interglacial 
episode. 
Thirty-six alternative dark and light seasonal bands from two large 
T.gigas sampled on reef I crest,define the oxygen and carbon isotope seasonal 
pattern during the mid-Holocene. Typical seasonal curves shown in Fig. 5.4 
(i) indicate that seasonality is dramatically reduced during this interval 
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relative to the present or the last interglacial levels. Moreover, it is observed 
that the winter 0180 compositions are similar to, or only marginally heavier 
than the present ones. Summer 0180 values are significantly enriched in 180 rel-
ative to present values by at least 0.5°/ and this accounts for the reduced 
oo 
isotope seasonality. Following the same line of reasoning as that used for 
the last interglacial episode, two alternative interpretations are presented: 
(i) Sea water temperatures during the mid-Holocene summer were below 
. h cS 18o . . . ·1 present, wit water compositions s1m1 ar to present. 
(ii) Temperatures were similar to the present but sea water o18o 
compositions were heavier. 
The first interpretation suggests cooler summer temperatures of l.5°-2°c 
b 1 1 1 h d . l' 180 . h i e ow present eve s. T e secon , imp ies an enric ment n sea water 
I 
isotope composition, which might be the result of reduced precipitation and 
subsequently increased evaporation during the Austral summer. It is 
conceivable however, that 0.5°/ enrichment in o18o evidenced by reef I 
00 
samples relative to the modern ones, cannot be the result of a local 
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evaporation effect in the reef water. All samples were collected from the 
seaward side of the Holocene fringing reef, exposed to the open ocean and 
having reef geometries similar to the modern fully immersed reef in the 
rapidly circulated Vitiaz Strait water. Whatever is the cause of this 
apparent anomaly in the mid-Holocene, it must have at least a regional 
character. I also note that heavier than present o13c summer values observed 
during the mid-Holocene indicate increased organic productivity of the coral 
reef system, consistent with longer than present sunshine hours during the 
summer. 
Were a cooler than present sea water temperature or a monsoon failure 
the ultimate cause of the observed isotope compositions, climate modelling 
studies suggest that the distribution of sea water temperature about the 
equator is the driving force behind the seasonal fluctuations in intensity 
and position of the atmospheric disturbances (Bjerknes, 1966; Quinn, 1971). 
Therefore, the two alternative interpretations discussed above converge into 
a single causative mechanism. 
5.5 Problems of documenting global climatic variations for the last 
5 10 years 
Changes in climate are indicated in such diverse features as alternation 
between loess and soil deposits, distribution of pollen preserved in inland 
lakes and swamp se,diments, sequences of terminal moraines, oxygen isotope 
ratios within cave speleothems, glacier ice, foraminifera shells in deep-
sea sediments, molluscs and corals associated with nearshore deposits, 
variations in faunal assemblages in deep-sea sediments etc. An extensive 
literature reporting these results provides ample documentation on large 
and relatively frequent climatic fluctuations during the late Pleistocene 
epoch. However, simultaneous with an increased knowledge of past climatic 
variations, significant inconsistencies related to the timing, frequency 
and amplitudes of the climatic episodes are becoming apparent within contemporary 
climatic records. The exact causes of the documented discrepancies are not 
well known, but they are likely to be many. In order to illustrate some of 
the problems encountered in documenting global climatic variations, the 
~18 . d h b h u 0 record from the raised coral reefs in New Guinea is compare wit ot 
the oxygen isotope record from deep-sea cores and with a palynological 
sequence for the last 140,000 years. In this section, it is intended to 
F 
' 
examine the timing, frequency and amplitudes of the climatic events for 
5 the past 10 years, stressing the qualities and flaws of each record. 
Figure 5.5 illustrates some climatic records for the past 105 years. 
The marine isotope records include the o18o record for Tridacna gigas 
associated with the lower sequence of uplifted coral reefs from the Huon 
Peninsula, New Guinea and two deep-sea core isotope records for the plank-
tonic foraminifera Globigerinoides sacculifera. Core V28-238 from the 
western equntnr:ial Pacific (Ol 0 0l'N,160°29'E) was analysed isotopically by 
Shackleton (Shackleton and Opdyke, 1973), whereas core P6304-9 from the 
Caribbean Sea (14°5l'N,68°55'W) is reproduced here after Emiliani (1966). 
The time scale definition for the records is important in our subsequent 
18 discussion. o 0 record from New Guinea is set on a time scale defined 
by precise radiometric dating (see Chapter 4). The chronology of the top 
230 cm of the Pacific core is based on the assumption of a uniform sedimen-
tation rate of 1.7 cm/1000 yr, calibrated by the presence of the Brunhes-
Matuyama magnetic epoch boundary, age 700,000 yr B.P. at 1200 cm (Table 3, 
Shackleton and Opdyke, 1973). Emiliani's (op.cit.) chronology of the top 
360 cm of the Caribbean core was increased by 25%, as suggested by Broecker 
and van Donk (1970). The terrestrial record is represented by one of the most 
detailed palynological sequences from ~he Grande Pile lake, northeast 
France, analysed by Woillard (1979). The absolute time scale is set by the 
correspondence established by Woillard (op.cit.) between the pollen zones 
and deep-sea core stages, and was adjusted to yield best agreement with the 
marine records during termination II (stage boundary 6-5) and I (stage 
boundary 2-1), according to Broecker and van Donk (op.cit.) definitions. 
Since only the climatic record from New Guinea has an established chronology 
defined by exact radiometric measurements, it is conceivable that the 
chronologies of the deep-sea cores and the terrestrial record are inferior 
in comparison with the coral reef chronology. 
Prior to discussing the relationship between the records, it is important 
to clarify what each palaeoclimatic indicator represents. Firstly, o18o 
records from the marine tropical sites directly probe any seawater temperature 
variations at the specific site, and indirectly probe climatic changes taking 
place at the latitudes of the polar ice caps, through ice volume signals. 
The terrestrial record directly probes temperature changes at mid-latitudes 
by monitoring pollen assemblages with various temperature preferences. 
Secondly, the planktonic foraminifera and the pollen sequence are continuously 
accumulating materials incorporating an apparently undisturbed record, whereas 
T.gigas are associated with discontinuous coral reef-building episodes, 
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r 
' Figure 5.5 A comparison between various palaeoclimatic records for the 
last 10 5 years. See text for definition of absolute time scale. 
a. Tropical marine 818 0 records. 
(i) 818 0 for T.gigas (the giant clam) associated with the lower 
sequence of raised coral reefs from Huon Peninsula, New 
Guinea. Bars are group lcr values. 
(ii) 8180 for planktonic forarninifera G.sacculifera from deep-
sea core V28-238 (western equatorial Pacific), after Shackleton 
and Opdyke (1973). 
(iii) 8180 for planktonic forarninifera G.sacculifera from deep-sea 
core P6304-9 (Caribbean Sea), after Emiliani (1966). 
The three sequences are plotted to the same scale of isotopic change 
from present levels with a-values adjusted to yield best agreement for 
the modern samples. 
b. Mid-latitude terrestrial record, pollen data. 
Grand Pile (northern France) palynological sequence, after Woillard 
(1979). 
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providing "windows" of various frequencies into the past. Remarkable 
similarity exists within the marine records and between the marine and 
terrestrial records in the broad shape and frequency of the climatic 
events during the past 140,000 years, inferring that they have a global 
character. The agreements can be summarized along the following lines: 
(l') G 11 l -~ 18 enera y, tte u .0 record from New Guinea and the terrestrial record 
support the division of the last ice age into five well defined 
st.:igcs, nnd the subdivision of stage S .into :idcliti.onal five sub-
stages, in complete accordance to deep-sea core records. 
(ii) The climatic optimum in the last interglacial episode follows 
immediately after the major glaciation at stage 6 (Riss/WUrm 
boundary), and on this basis reef Vlla in New Guinea is correlated 
in terms of amplitudes to stage Se in deep-sea cores and pollen 
zone B. 
(iii) Substages Sc and Sa are direct correlatives of reefs VI and V in 
New Guinea, both on chronological and o18o grounds. 
Thus a "compressed" stage S time scale with Se at 100 kyr as 
inferred by the Rona and Emiliani (1969) chronology is rejected, 
and an extended time scale for stage S indicated by Shackleton and 
Matthews (1977) is supported. 
(iv) Both marine and terrestrial records indicate a significant discon-
tinuity between the early Wisconsinan stage S and the mid-Wisconsinan 
stage 3. 
15 7 
(v) All palaeoindicators suggest reversible climatic conditions following 
each of the early Wisconsinan glaciations (Sd and Sb) and a significant 
decline of the temperature next to stage 4 glaciation. In 
terms of amplitude, the interstadial at 60 kyr represented by reef 
IV in New Guinea is similar to the culminations Illa, Illb and II 
and are correlatives of stage 3 in deep-sea chronology. Therefore, 
both deep-sea cores and coral reefs records argue against the 
..,,. proposed chronology by Grootes (1978) which suggest four warm 
I intervals during stage S (reefs VII, VI, V and IV~ assigning an age 
"" ~~· of SS,000 yr B.P. to stage 4. 
(vi) The climatic optimization following the late glacial maximum is 
indicated by all records and the estimated age of 13 kyr for the 
boundary 2-1 stages, corresponds to the early Holocene transgression 
and reef I building episode in New Guinea. 
Notwithstanding the broad agreement between the tropical marine 
records and the temperate terrestrial record, important inconsistencies are 
~; 
' 
I 
observed in terms of amplitudes and details which can be classified as 
follows: 
(a) Between deep-sea core records and coral reef records; 
(b) Between the marine records and terrestrial records; and 
(c) Within deep-sea core records from different oceans. 
The problems are treated in turn in the order outlined above. 
The inconsistencies between the coral reef and deep-sea core record 
can be summarized along the following lines: 
(i) The evolution of the last ice age is recorded in New Guinea 
through a series of episodic oscillations closely spaced in time, 
leading to the final glacial culmination during stage 2. In 
contrast, the deep-sea core records, and in particular the Pacific 
core, indicate a smoothing of the climatic amplitudes with 
4 frequencies in the 10 year range. 
(ii) The last interglacial episode in New Guinea has a bipartite char-
acter, VIIa and VIIb, distinctly separated on o18o composition and 
stratigraphic grounds, as against a single episode documented by 
deep-sea cores. 
(iii) Rapid temperature fluctuations are recorded in New Guinea around 
120 - 117 kyr and 45-40 kyr, amounting to several Celsius degrees 
(see Table 5.4). No such variations are observed in deep-sea cores. 
(iv) 
( v) 
18 In terms of o 0 amplitudes, a closer similarity is observed between 
the coral reefs and the Caribbean core than between the coral reefs 
and the west equatorial Pacific core. The maximum difference in 
o18o amplitudes (the coral reefs being enriched in 180 isotope) 
is indicated between the Pacific core and the coral reef record 
during the late ice age stages and amounts to 1.2°/ (Fig. 5.5a). 
00 
This oxygen isotope difference translated in terms of temperature 
implies a 5°C difference (0.23°/ / 0 c-1). 
18 00 
The coral-reef o 0 record indicate a slower return to interglacial 
levels during the mid-Holocene, relative to the fast postglacial 
climatic optimization inferred from deep-sea cores and terrestrial 
data. 
Unlike the oxygen isotope palaeoindicators, the pol.len record provides 
temperature estimates within broad limits (Fig. 5.5b). Nevertheless, it 
unmistakably indicates that during the early Wisconsinan stages, rapid 
transitions from warm to cold climates have occurred over a time span of 
only a. few hundred years (e.g. temperate forest changed to a boreal forest). 
These variations are similar in character to the ones reported from New 
158 
I 
Guinea, although it is not clear if they are time-equivalent, as the pollen 
record lacks exact dating. 
Figure 5.5a illustrates the large amplitude differences existing 
between the Caribbean and the Pacific core. The inconsistencies are 
larger during mid to late Wisconsinan stages than during its early part. 
The Caribbean record is always enriched in the 180 isotope relative to the 
Pacific record and this difference amounts to a maximum of 0.75°/ In 
00 
order to explain the amplitude discrepancies between the tropical deep-sea 
cores from the Atlantic and Pacific oceans, Shackleton and Opdyke (1973) 
advanced the interpretation that glacially-induced oxygen isotope changes 
dominate in the west equatorial Pacific area. Additional signals of 
temperature and/or evaporation are superimposed on the ice-volume 
effect in the Atlantic record. Their line of reasoning is based on the 
159 
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similarity in shape and amplitudes between the o 0 record obtained separately 
from planktonic and benthic foraminifera. Since bottom water is currently 
only l.3°C above its freezing poin~ most of the oxygen isotope shift must 
h 1 d f h . h 180/160 . . d h ave resu te ram a c ange in t e ratio in eep sea water rat er 
than from cooling of the deep sea. The only possible cause for such a 
compositional change is the storage of 180-depleted water in glacial ice. 
According to this interpretation, the o18o record from the core V28-238 must 
be viewed essentially as a palaeoglacial record. The data drawn from the 
Pacific has been utilized by Shackleton and Opdyke (op.cit.) to derive 
temperatures in the Atlantic region. Considered in this way~ a 0.75°/ 
00 
difference between the records (see Fig. 5.5a) is equivalent to a maximum 
cooling of 3.3°c for the Caribbean surface water. 
Based on palaeoecological techniques applied to two deep-sea cores from 
the Solomon rise, V28-238 (above) and V28-239, CLIMAP Project Members have 
suggested a glacial/interglacial surface temperature variation of 2°C for 
the tropical oceans surrounding New Guinea (CLIMAP, 1976). This estimate is 
incompatible with the palaeoclimatic interpretation of the oxygen isotope 
and sea-level data from the coral reefs in New Guine~which clearly indicate 
a maximum cooling of 6°C below present late during the last ice age. The 
significant inconsistencies in temperature estimates between the deep-sea 
core records from the west equatorial Pacific and the coral reefs from 
eastern New Guinea cannot be reconciled and it is necessary to examine the 
two alternatives: 
(i) The palaeoclimatic record from the raised coral reefs overestimates 
the cooling of the sea surface around New Guinea by 4 to 6°c. 
(ii) Deep-sea core climat,ic reconstructions in the vicinity of New 
Guinea and elsewhere in the west equatorial Pacific were such as 
f to provide an underestimate of sea surface cooling by 4 to 6°c. 
160 
Figure 5.Sa indicates that the largest o18o difference between the coral-
reef record and core V28-238 is 1.2°/ during stage 3. If the deep-sea 
00 
core record is interpreted as a palaeoglacial curve as suggested by 
Shackleton and Opdyke (1973), and the o18o difference as a temperature 
residual, a s0 c cooling around New Guinea is implicit in this interpretat~on. 
Thus for deep-sea cores temperature estimates to be accurate, the 1.2°/ 
00 
difference must result from a source other than temperature change or 
glacially-induced o18o shift. An increased evaporation to precipitation 
ratio equivalent to the one prevailing in the arid Red Sea region today 
(Ah 19 74) . h . d h . . d 180 ' h H h. aron, , mig t prov1 e t e require enric ment. owever, t is 
alternative can be dismissed on the following arguments. Firstly, at the 
lowest known sea-level during the last glacial maximum (-120 to-140 m), 
Vitiaz Strait provided a deep passage for the circulation of oceanic masses, 
as the Strait's depth exceeds 1 km. Secondly, the modern coral reef environ-
ment is fully circulated by the open sea and there is no reason to believe 
that the same situation did not prevail in the past. Hence, if an enhanced 
evaporation did affect the 18o;16o ratio of the mixed layer in the entire 
oceanic province, this process would affect equally the isotopic composition 
of T.gigas from eastern New Guine~ as well as planktonic foraminifera from 
the western equatorial Pacific. As such, this alternative cannot be addressed 
to explain the inconsistencies between the coral reef and deep-sea 
core records. There is only one possibility left, namely, the deep-sea 
core record from the western equatorial Pacific underestimate the ice-age 
sea surface temperature cooling by 4 to 6°C. 
Further evidence in support of this conclusion is provided by excellent 
palaeoclimatic data from the New Guinea Highlands. Widespread palaeogeo-
morphic evidence indicates that both snow-line and forest boundaries lowered 
by ~1100 m during the last ice age, implying a temperature coolihg of 5 to 
s0 c below present at the altitude of the high ranges (L8ffler, 1972; Hope 
and Peterson, 1975; Bowler et al., 1976). Moreover, pollert-analytical data 
from outside the glaciated area suggest that mean annual temperatures were 
at their lowest, between 7 and 11°C below present during the late stages of 
the last ice age (Walker, 1978). 
An apparent paradox is evident by using CLIMAP (1976) palaeotemperature 
estimates for the ocean around New Guinea. On one hand, sea-surface 
temperatures late during the last ice age were as warm or only marginally 
I 
cooler than present. On the other hand, if physical laws were to prevail, 
this estimate would be consistent with a freezing level some 1000 m higher 
than the "observed" ancient freezing levels (Webster and Streten, 1978). 
Conversely, when sea surface temperature is determined by starting with 
the "observed" ancient freezing levels, this results in a sea surface 
temperature some s0 c cooler than the CLIMAP estimate (op.cit.). Therefore, 
the isotopic temperatures from the coral reef sequence strongly suggest 
161 
that there is no need for a physical paradox argument in order to accommodate 
the overwhelming evidence from the Highlands. The consistency between the 
various independent lines of evidence (i.e. geomorphic-palynological-isotopic), 
support the view that during the late stages of the last ice age, sea water 
surface temperature around New Guinea, as well as the high altitude tropical 
0 
atmosphere were at least S to 6 C below present. 
The causes of the large inconsistencies within deep-sea core records 
from different ocean basins on the one hand, and between deep-sea core and 
the coral· reef record from New Guinea on the other (Fig. S. Sa) have to be 
viewed in terms of the objective limitations and complexity of the deep ocean 
sediments: 
(i) A combination of low sedimentation rates (e.g. 1.7 cm/1000 yr estimated 
for the core V28-238) and sea-bed bioturbation (e.g. up to 8.S cm 
reworking - Berger and Johnson, 1978) impose severe limitations on 
the stratigraphic resolution, and smooth the isotopic record. 
(ii) Planktonic foraminifera migration in the water column during climatic 
events (Shackleton and Opdyke, 1973), combined with the complex and 
poorly understood system of horizontal and vertical circulation 
closer to the equator, could explain the difficulties in estimating 
the glacial/interglacial temperature range in the equatorial area 
(Erniliani, 1971). 
(iii) Formation of crystalline crusts on foraminiferal tests at a level 
below their general depth habitat (Olausson, 196S), combined with the 
effect of Caco 3 dissolution cycles in deep ocean during climatic 
oscillations, have modified both .the oxygen isotope record and the 
palaeoecological assemblages in deep-sea cores, leading to gross 
underestimates of palaeoclimatic factors (Berger and Killingley, 1977; 
Erez, 1979). 
(iv) The assumption of a constant isotopic offset from equilibrium values 
of the foraminifera carbonate tests, related to the zooxanthellae 
isotopic fractionation activity may not be correct (Erez, 1978). 
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These limitations should be viewed against the oxygen isotope record 
based on T.gigas from the uplifted coral reefs in New Guinea, which although 
discontinuous, offers several advantages over the isotope records from deep-
sea sediments: 
(i) T.gigas ecologically associated with the coral reefs in New Guinea, 
is sedentary because of its enormous weight, and has a constant depth 
habitat of 5-10 m. 
(ii) 
(iii) 
On the uplifted coral reefs, the specimens can be sampled from reef 
phases pertaining to various palaeosea-levels and therefore high 
resolution is feasible for restricted time-intervals. 
Ice volume changes are established by an independent line of evidence 
(sea-level estimates), hence the temperature signal can be extracted 
from the isotopic record without further assumptions. 
(iv) The samples are unmixed. 
(v) T.gigas deposits its aragonitic exoskeleton in isotopic equilibrium 
with the ambient water and an accurate palaeotemperature equation 
is calibrated from the modern samples. 
(vi) High resolution seasonal data and yearly average compositions can 
be extracted from the same samples. 
(vii) Precise radiometric dating is feasible on aragonitic corals from the 
same sites as the samples probed with stable isotope techniques. 
16:.:'. 
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CHAPTER 6 
DISCUSSION AND CONCLUSIONS I 
THE NATURE OF CLIMATIC VARIATIONS DURING THE LAST 105 YEARS 
A REGIONAL AND GLOBAL PERSPECTIVE 
Introduction 
Evidence obtained from deep-sea core data indicates that in the past 
106 years there have been about ten glacial-interglacial fluctuations, each 
5 
with a duration of 10 years (Shackleton and Opdyke, 1973). It can be argued 
from an empirical point of view that a climatic record of the order of 106 
years is necessary in order to characterize and understand the processes 
.LU.J 
related to frequent climatic fluctuations. However, it is felt by many 
researchers that before there is any possibility of reaching general conclusions 
with regard to the processes involved, the last major climatic cycle (Eemian-
Wisconsinan-Flandrian) must be studied in detail. The present study of the 
isotope record from the late Quaternary coral reefs in New Guinea follow 
closely this approach. 
It is the intention of this chapter to gain some perspectives into the 
5 
nature of the climatic variations that have occurred in the last 10 years, 
stressing regionality as an important aspect of climatic change. Firstly, in 
numerous palaeoclimatic studies, the emphasis is placed on the "sensitive" 
regions of the northern hemisphere high-latitudes and their interaction with 
the internal climate system (atmosphere-ocean-cryosphere-land surface) and the 
external forcing changes (so'iar variability, volcanic activity, etc.). This 
is a natural trend as the high northern latitudes were the sites of the large 
ice-sheets which shaped the characteristics of global climate. However, it 
will be shown in the following sections that the time-transgressive evolution 
of the equatorial area is no less important for understanding the causes of 
past climatic changes. 
Secondly, following a brief review of the current theories of climatic 
change, an attempt will be made to establish the appropriate mechanism which 
empirically is the most consistent with the evidence extracted from the 
palaeoclimatic data from New Guinea. 
Thirdly, given the importance of the complex regional dynamics in 
relation to climate, some aspects of the atmospheric and oceanic developments 
during the late Quaternary in the west equatorial Pacific will be sketched, 
in the light of the present relationship between equatorial variability 
and the intertropical general atmospheric and oceanic circulation over the 
Inda-Pacific region. 
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6.2 Current theories concerning ~he causes of climatic change during 
the late Quaternary 
Any theory proposing to account for the causes of climatic change 
during the Quaternary should explain: 
(1) The cause of climatic cycles with a duration of the order of 105 
years within the Pleistocene. 
(2) The oscillatory nature of the glacial advances and retreats every 
104 years, which were "cycles within cycles" during the Pleistocene. 
(3) 
(a) 
(b) 
The transient character of the climate that is observable in the 
geological record. Two quite different aspects related to some 
trigger factors are responsible for the transition from one climatic 
state to another: 
The trigger factor responsible for the transition from periods of 
warm interglacial temperatures to periods in which temperatures were 
significantly lowered, accompanied by the growth of large continental 
ice-caps in the northern hemisphere high to mid-latitudes. 
The mechanism responsible for the emergence from the glacial stages 
following the peak of an ice age, when an appreciable fraction of the 
northern hemisphere continents was covered with ice and snow and 
consequently increased planetary albedo, perpetuating a quasi-permanent 
state of glaciation. 
With the revival of general scientific interest in the theories of 
climatic change in the last decade, a large number of theories and models for 
the development of ice ages were formulated, some of them only improving or 
enlarging hypotheses conceived during the 19th and early 20th centuries 
(e.g. the Croll-Milankovitch astronomical theory). It is not the intention 
of this section to provide an up-to-date review of all the various published 
theories related to the ~ubject (for comprehensive reviews, see Pittock 
et al., 1978; Bodyko, 1977; Gribbin, 1978) but rather to provide a back-
ground of the most influential ice-age theories that were derived by physical 
reasoning and mathematical modelling. It is felt that the accumulated 
palaeoclimate evidence from marine and terrestrial records (see Fig. 5.5) 
has reached a stage which enables one to undertake a critical evaluation of 
the existing theories and models of climatic change. This study's scope will 
be to stress the various aspects of the models that are subject to objective 
verification using the existing palaeoclimatic records. 
l l)ll 
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6.2.1 Possible causes of recorded climatic changes 
The cause of climatic changes during the Quaternary demonstrably 
involves changes in solar radiation which is the primary source of energy 
on Earth, and only in this respect can global variations be understood. 
However, it is doubtful that the recorded climatic changes are due solely 
to fluctuations in solar radiation. It is more likely that these changes 
also reflect the relative distribution with time of the energy sinks and 
the energy sources on Earth that ultimately control the climate. 
Ultimate causes of repeated glaciations during the Quaternary times have 
not yet been identified with certainty, but they are likely to be manifold. 
Chappell (1978) groups them into two broad groups: those which attribute 
a major influence to solar-energy input changes to the Earth, and those 
which do not. Prominent among the former are theories concerned with secular 
variations of solar radiation at the top of the atmosphere resulting from 
variations in the Earth's orbital parameters (i.e. Milankovitch astronomical 
theory of ice ages) or variations in ground-level solar intensity due to, 
either, changes in the transparency of the atmosphere resulting from episodic 
explosive volcanism (Bryson and Goodman, .1980), or to changes in atmospheric 
co2 content (Plass, 1956, recently revived by Broecker, 1980). 
l l>) 
The second group of theories stresses that climatic perturbations of ice 
ages are almost entirely produced by terrestrial causes, resulting from changes 
in the relative importance of various planetary energy sinks and energy 
storage. The emphasis is on "flip-flop" systems that have two stable states 
and can be flipped from one to the other with a trigger pulse. The triggering 
factor necessary to start a chain of climatic events can be periodic surges 
of the Antarctic ice-cap (Wilson, 1964; 1966), alternations between open 
and frozen Arctic surface waters (Donn and Ewing, 1966), variations in the 
atmospheric and oceanic circulation patterns (Newell, 1974), salinity changes 
in the north Atlantic surface waters (Weyl, 1970) or autocycling imbalances 
in the energy budget of the oceans (Adam, 1973; 1975). 
The above mentioned theories of ice ages have in common the following 
characteristics: 
(i) They attempt to accommodate the palaeoclimatic evidence which 
suggests that the most extreme climatic changes took place in the 
northern hemisphere high latitudes, expressed by the waxing and 
waning of large continental ice-sheets in northern America, Europe 
and Siberia. 
(ii) Most of the theories predict less energy variation thari that 
(iii) 
thought necessary for the transition from one climatic mode to 
another. Therefore, they employ a common basic assumption that 
small changes lead to large effects through positive feedbacks. 
All the models require imbalanced changes in the energy distribution 
between low and high latitudes. 
(iv) Whereas all the theories explain in a reasonable way the mechanism 
(v) 
(vi) 
of transition from an interglacial to a glacial period, the emergence 
from a glacial epoch is not satisfactorily answered. 
Whereas most ice-age theories are concerned primarily with "trigger 
factors'' responsible for the initiation of glacial and interglacial 
intervals, only the Milankovitch theory and Adam's climatic model 
provide the theoretical predictions to accommodate the 104 years 
cycle of interstadial-stadial occurrences that are related to the 
internal dynamics of glaciation. 
Only the Milankovitch astronomical theory and Wilson's Antarctic-
surge hypothesis have the potential to predict the amplitude and 
the period of the cycles that the theories imply. 
The ice-age theories which attribute a major influence to solar-energy 
input changes to the Earth will be discussed first, and emphasis will be given 
to the latitude-dependent changes in the distribution of the solar energy, as 
required by the Milankovitch theory. 
6.2.2 Milankovitch astronomical theory of ice-ages 
According to the astronomical theory of climatic change, secular 
variations in the Earth's orbit are the fundamental caus.e of succession of 
Quaternary ice-ages. Perturbations in the Earth's orbital parameters are 
produced by the interaction.with the other planets of the solar system, 
thereby affecting the gravitational forces and the motion of the planets. 
These secular perturbations are responsible for latitudinal-dependent 
variations in solar radiation, without altering the total radiation received 
by the Earth as a whole. The effect would range from varying the length of 
the seasons in alternate hemisphere~ to changing the amplitude of the seasons. 
This was recognized by Croll (quoted by Bernard, 1967) nearly a century 
ago, and developed by Milankovitch in 1930 into an elegant mathematical theory 
(for modifications see Berger, 1978b) which acknowledged the astronomic 
perturbations of the Earth's orbit and axis as measurable parameters that are 
susceptible to harmonic analysis. The theory is presented in detail in 
numerous publications (Broecker and van Donk, 1970; Berger, 1978a, 1978b; 
lbb 
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Chappell, 1978) and a thorough review on the historical evolution of ideas 
was recently published by Imbrie and Imbrie (1980). 
Figure 6.1 shows how the orbital parameters (obliquity, precession of 
the equinoxes and eccentricity) have changed over the past 160,000 years, 
according to calculations by Berger (1977a)! The variations in the seasonal 
contrast is caused by changes in the tilt of the Earth's axis to the plane of 
the ecliptic (obliquity), and the longitude of the perihelion which defines 
16/ 
the season in which the Earth makes its closest approach to the Sun (the 
precession of the equinoxes). Changes in the orbital eccentricity .modulate the 
amplitude of the precessional cycle in such a way that the greatest seasonal 
contrast coincides with periods of high orbital eccentricity, whereas moderate 
seasonal contrast coincides with low orbital eccentricity. The problem of 
ice ages according to the Milankovitch hypothesis, is limited to the changes 
with time of seasonal contrast, in particular to the sensitive high latitudes. 
Reduced seasonal contrast (i.e. warm winter-cool summer) would encourage the 
preservation during the summer of the abundant snow and ice deposited during 
the previous winter, thereby increasing the albedo factor in the sensitive 
northern hemisphere high latitudes, and starting a cumulative process which 
ultimately triggers glaciation. Alternatively, enhanced seasonal contrast 
(i.e. hot summer-cold winter) would increase the ablation to accumulation 
ratio on the ice cap, triggering the start of deglaciation. 
The astronomical theory of ice ages has several great attractions which 
are not matched by other alternative hypotheses. Firstly, it has a built-in 
time-scale and is therefore subject to testing and verification by various 
dating methods. Secondly, the astronomical elements of the Earth's orbit 
are the only parameters outside the terrestrial energy reservoirs which can. 
account directly and simultaneously for a decrease of insolation in high lati-
tudes, and an increase of insolation in tropical regions. This is considered by 
some (Adam, 1973; Berger, 1978b) as a prerequisite during the initial phase of 
a glacial stage, for a continuous transfer of water vapour from the warm 
tropical oce·ans to high latitudes, in order to feed the growing polar 
caps on the continents. Thirdly, Milankovitch's requirement of 
both cool northern summer and cool southern winter occurring at the same 
astronomical time (Berger, 1978b) is in good agreement with the observations 
related to the seasonal formation of ice in ooth polar oceans. A cool 
northern summer would prevent most of the Arctic Ocean pack-ice from melting, 
and simultaneously, cooler southern winters would enhance ice cover on the 
sub-Antarctic oceans, producing a global effect of increased albedo, and there-
fore a diminished solar radiation input. 
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160,000 years, after Berger (1977a). Also shown are the incidence of reef-building episodes in New Guinea during 
this interval (data from Table 5.2). ..... 
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Two types of evidence support the astronomical theory of climatic 
changes. Firstly, a good correlation exists between insolation intensities 
and climatic intensities taken from precisely dated palaeoclimatic records 
(Mesolella et al., 1969; Broecker and van Donk, 1970; Chappell, 1973b; 
Emiliani, 1978; Kukla and Berger, 1979). Secondly, spectral analyses of 
palaeoclimatic time-series obtained from deep-sea cores, yield significant 
peaks at just those frequencies at which the Earth's orbital parameters 
are known to vary (Hays et al., 1976; Kominz et al., 1979; Imbrie and 
Imbrie, 1980). It is also notable that the two types of evidence above, 
implicitly bypass the search for solar-terrestrial-oceanic links in the 
climatic system. 
Although the importance of solar radiation changes related to the Earth's 
orbital and axial secular changes are widely recognized, the astronomical 
theory can be criticized in particular on energetic grounds. There is a lack 
of exact knowledge of how the Pleistocene climates responded to variations in 
insolation (Shaw and Donn, 1968; Flohn, 1974). 
6.2.3 Variations in ground-level solar intensity as a cause of glaciation 
Changes in the transparency of the atmosphere resulting from episodic 
explosive volcanism that induced cooling events through variations in ground-
level solar intensity, has been discussed sympathetically by Bryson and 
Goodman (1980) and Bray (1978). However, a close examination of the long-
term records shows little support for volcanism as controlling Pleistocene 
glacial variations (Chappell, 1973b; 197~, although variations in bemispheric 
and perhaps world levels of volcanic activity might be important on the scale 
of several years to several millenia. 
Considerations of the effect of atmospheric co2 on the heat balance of 
the Earth's atmosphere led to the suggestion that fluctuations of the 
atmospheric co2 content might cause ice ages. Plass' (1956) theory of ice 
ages is of the autocycling type, using the transfer of co2 between atmosphere 
and ocean and vice-versa as a triggering factor to induce an ice age ~nd to 
emerge from an ice age. This theory was not well received by the scientific 
community, partly because no evidence of the co2 partition in the atmosphere-
ocean system was available at the time. .However, the situation changed 
recently with the important discovery that during the coldest part of the 
last ice-age (20 kyr - 15 kyr), the atmospheric co2 content was half that of 
today's value. This evidence is documented by analyses of atmospheric gases 
trapped in deep-ice cores from Greenland and Antarctica (Berner et al., 1979; 
Delmas et al., 1980). Although the evidence discussed does not show a clear 
169 
110 
cause and effect relationship, Broecker (1980) speculated that the atmospheric 
co2 changes must have served as an amplifier for orbitally-induced insolation 
changes (Milankovitch factor). This subject will come again under scrutiny in 
Chapter 7. 
6.2.4 The Antarctic-surge theory of ice-ages 
It has been felt by many climatologists that some additional mechanism 
is required to produce large-scale glaciation, because the variations in solar 
insolation calculated by Milankovitch are in themself inadequate. Wilson 
(1964, 1966) suggested that this mechanism was the inherent instability of 
the Antarctic ice-sheet. When the temperature at the bottom of the ice-cap 
rises above the pressure melting point, a build-up of a layer of water at the 
base of the ice and a resulting significant decrease in the basal friction, 
leads to a partial surge of the ice into the adjacent ocean, generating an 
ice shelf around Antarctica. This ice shelf acts as a giant reflector 
which lowers the heat input to the Earth and drives the temperate regions of 
the Earth into an ice age. 
Different versions of the surge hypothesis involving the ocean-based west 
Antarctic ice shee~ rather than the east Antarctic continental ice sheet, 
were discussed sympathetically by Hughes (1975) and Mercer (1968, 1978). A 
feature of the Antarctic surge hypothesis is that it predicts the amplitude 
and the duration of the surge event, providing a unique solution from a 
sequence of observational tests. The requirements of an Antarctic-surge 
theory of ice ages, which are subject to verification in the existing palaeo-
climatic records, involve the evidence for a distinct abrupt rise in sea-
level for a duration of a few hundred to a few thousand years, precisely at 
the break of climate at the end of each interglacial (Hollin, 1965, 1972; 
Flohn., 1974). 
Just when, according to the Milankovitch theory, sea-level should have 
been starting to fall towards its low glacial level, Wilson's theory implies 
that there would be a temporary, otherwise anomalous rise, followed by a 
cooling which would occur first in the southern hell!isphere, and shortly 
afterwards in the northern hemisphere. The ice shelf formed around Antarctica 
would disperse rapidly, so the cooling in the equatorial area would abate. 
However, the initiation of the ice sheet in the northern hemisphere will be 
self-amplifying because of its enhanced albedo. 
These predicted steps are evident in the last interglacial detailed 
record from New Guinea where the sea-level and temperature estimates are 
taken separately, and support for an Antarctic-surge hypothesis as a trigger 
factor for the last ice age was claimed by Aharon et al. (1980). This point 
will be developed further in this chapter. 
6.2.5 Alternation of state in atmospheric and oceanic circulation 
Several theories of ice ages treat the entire problem of climatic 
changes as being primarily an energy problem, and specifically investigate 
the role the ocean might play in climatic change. Two theories are concerned 
with oceanographic changes in particular sectors of the ocean: the Ewing 
and Donn theory which involves repeated freezing and thawing of the Arctic 
Ocean (Ewing and Donn, 1958; Donn and Ewing, 1966), and Weyl's theory (Weyl, 
1968, 1970) which suggests that small changes in atmospheric circulation, if 
sufficiently persistent, could produce large changes in the water circulation 
patterns of the eastern north Atlantic Ocean, thereby resulting in a major 
change in climate. 
By considering the atmosphere-ocean interaction from a global point of 
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view, Newell (1974) envisaged two modes of partitioning of the poleward energy 
flux between the atmosphere and ocean. The key to the difference in the modes is 
found in the deep ocean, where an unbalnn.ced cooling occurred during a warm atmos-
pheric period (interglacial mode) and an unbalanced warming during an ice age. 
A common weakness of all the "flip-flop" models is that they do not 
incorporate a predictive periodicity, nor do they accommodate the widespread 
evidence of the oscillatory nature of the transition from interglacial to ice 
age. Sensing the shortcomings, Adam (1973, 1975) suggested that a negative 
feedback relationship between excess glacier size and nourishment acts through 
the effect of glacial meltwater on ocean surface temperatures. According to 
Adam (op.cit.), this mechanism is the cause of the recorded oscillations between 
stadial and interstadial conditions. From arguments involving both palaeo-
ecological evidence and ice dynamics requirements, Chappell (1978) and Adam 
(1973) rule out the alternately open and frozen Arctic Ocean theory. In 
order to provide observational tests for Newell's or Weyl 's theories, one has 
to resolve from marine palaeoclimatic records lag and leads between bottom 
ocean water and surface water, and between the two and the ice-volume records. 
The later approach demands either extremely accurate time scales for the 
oceanic system and continental ice-volume records taken separately,or contin-
uous high resolution records of the two systems from the same site. 
Specific tests in restricted areas of the oceans have found supporting 
evidence for both Weyl's theory (Duplessy et al., 1975) and Newell's theory 
(Pisi~s et al., 1975). If nothing else, this situation illustrates the present 
difficulties in distinguishing causes from responses, in particular when lag 
and lead phase relationships are being examined. 
6.3 Implications of palaeoclimatic data from the raised coral reefs 
in New Guinea concerning the theories of climatic change: 
a discussion 
Numerous geochemical and palaeoecological studies using a variety of 
climatic sensors were instrumental in extracting useful information on the 
climatic evolution during the past 105 years. Few of the studies, however, 
have attempted to establish whether the various climatic changes were syn-
chronous in time and space, or whether there arc leads and lags in the 
system, although such information is critical in evaluating theories and 
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models of climatic change, and indispensable in sorting out causes from 
effects. In order to determine sequences of changes, either extremely accurate 
time scales for the records of the oceanic system and the continental ice 
volume, or records of the two systems from one site are required. The task 
of determining sequences of climatic changes fell short on the former, because 
of the limitations imposed by the inadequate precision of the dating methods, 
and the extreme difficulties in finding datable material. The last approach, 
however, eliminates problems of correlation or inaccuracies of time scales 
encountered in separate records. 
The climatic records from the raised coral reefs in New Guinea offer 
distinct advantages in the investigation of theories of climatic change and 
generally satisfy the stringent requirements imposed by the task. Firstly, 
the coral reef record is well dated and has an excellent stratigraphic 
resolution. Secondly the ice-volume signal (sea-level data) and ocean 
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surface-temperature (cS 0 measurements) are established by two physically 
independent methods. Thirdly, the coral terraces provide climatic variability 
data pertaining to the atmosphere-ocean interaction during each of the 
important climatic events (o 18o seasonal data). Although these advantages 
are partly offset by the discontinuous nature of this record, it is notable 
that high-resolution data are available during critical intervals. Moreover, 
the geographic setting of the record at low latitudes of fer data which is 
not biased by proximity to the large continental glaciers, and only changes 
significant in a global context will be registered. Last but not least, the 
New Guinea area is part of the southern hemisphere atmospheric and oceanic 
system and therefore the notion of hemispheric synchronism can be tested 
by rigorous examination of records from both hemispheres. It is the intention 
of this section to bring these elements together, although they were discussed 
individually during various stages of this work. 
6.3.1 Inquiry into the initiation of an ice-age: the last interglacial-
glacial transition 
The last interglacial period, identified in deep-sea cores as stage Se 
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of the oxygen isotope stratigraphy (Shackleton, 1969) and known in continental 
stratigraphic terminology as Sangamon in North America, Eemian in western 
Europe and Ipswichian in England (Andrews and Barry, 1978), has the best 
preserved continental record of the 23 or more recorded fluctuations in the 
Plt~is tocene climate. It was the last time that sea water reached high levels 
comparable to the present, and is generally considered as the last stage having 
climatic optimum characteristics prior to the Holocene (Shackleton and Opdyke, 
1973). The interval which encompasses the peaks of the last interglacial 
maximum and its subsequent decline, with cooling of the north Atlantic 
(Sancetta et al., 1972) and a rapid fall of sea-level, presumably also includes 
the event that triggered the succeeding ice age. 
It was shown previously that the uplifted coral reefs of the Huon 
Peninsula, New Guinea, contain a particularly good record of the interval 
140-105 kyr and by combining oxygen-isotope results,with sea-level estimates 
previously reported by Chappell (1974a) and Bloom et al. (1974), relatively 
short-lived variations in ocean temperature during this period have been 
documented. In this section, it is intended to show that the variations do 
not correspond in sign, timing and amplitude with the requirements of the 
Milankovitch factor, but can be consistent in detail with an Antarctic ice-
surge and might therefore reflect the elusive trigger required to restart the 
growth of continental ice sheets in the northern hemisphere. 
The following paragraphs contain in part the ideas and interpretation 
of data expressed in an earlier paper (Aharon et al., 1980). 
The structure of the Huon Peninsula reefs VIIa, VIIb and VI on separate 
sections along the northeast coast are illustrated in Figs. 4.2 and 4.3 and 
is redrawn in Fig. 6.2 as a generalized section from the separate profiles. 
Relative to the rising landmass, the essential sea-level changes represented 
by these reefs are: 
(1) sea-level rise during reef VIIa building episode; 
(2) minor fall during erosion unconformity at "X" in Fig. 6.2; 
(3) rise of 5 to 8 m during building of VIIb barrier crest; 
(4) falling sea-level, with continued growth of the lagoon reef at "Y" 
during early stages; this regression eventually reached the base 
of reef VI; and 
(5) rise during building of fringing reef VI. 
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Figure 6:.1_ Section of New Guinea reefs Vlla, Vllb, VI general1zed from three 
separate sections (Gagar Anununai, Sazum, Sialum). Sampling points shown by 
Tridacna gigas symbol (T). 
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The envelope curve of sea-level changes interpreted from the sequence 
of reefs in New Guinea and Timar after the tectonic uplift has been substracted 
. h . F. 6 3 Th h 1 h. h .. b d 230Th/234 d is s own in ig. . a. e c rono ogy w ic is ase on U eter-
minations from unaltered corals (Table 5.4) is correlated with dated reefs 
in Timar where Vlla and Vllb equivalents are clearly separated by an erosional 
unconformity (Chappell and Veeh, 1978). Correlation extends to well-dated 
reefs in Hawaii (Ku et al., 1974) which contain two units believed equivalent· 
to Vlla, Vllb, on the grounds that each reef-building phase essentially is 
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controlled eustatically. Pooling the Th/ U data puts VIIa at 133+4 kyr 
and VIIb at 120±_3 kyr. Reef VI is dated at 105 kyr and correlates with 
similar reefs in Barbados, Timar and Ryukyu (Fig. 4.5). 
The duration of building and emergence of Vllb is important in the 
subsequent discussion. Firstly, between erosion unconformity "X" in Fig. 6.2 
and the Vllb crest there is >8 m of shallow water reef, representing 1-2 kyr 
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of growth on the basis of C study of Holocene reef growth at the Huon 
Peninsula (Chappell and Polach, 1976). Secondly, between emergence of Vllb 
/ 
crest and cessation of coral lagoon-reef growth at point "Y" in Fig. 6. 2, 
a minimum time of about 3 kyr must have elapsed, assuming both tectonic and 
glacio-eustatic factors acted at maximum known rates (see Chapter 5). A 
similar time-sequence relationship as that between the modern lagoon and the 
emerged frontal Holocene barrier reef is illustrated in Fig. 2.4. 
Stable isotope analyses from these and other reefs in the New Guinea 
sequence were based on the giant clam Tridacna gigas for reasons given in 
Chapters 2 and 5. Isotope data from each reef phase are given in Table 5.4, 
lines 5 and 7, together with estimated sea-level (line 9) and mean-age data 
(line 4). Multiple samples (numbers as given in Table 5.2) were collected 
in each reef zone and multiple determinations made of each. The analytical 
procedure is described in Chapter 1. 
All Tridacna specimens grew in reef sites exposed to the open ocean, 
either in forereef or shallow reef-crest positions. The only exceptions are 
those samples from the regressive phase of VIIb which come from the patchreef 
and lagoon floor at "Y" in Fig. 6.2. Oxygen isotopes show significant 
variations across the interval 140-105 kyr, while the carbon isotopes do not. 
o13c shows no significant variation, firstly because its temperature dependency 
is three (Mook and Vogel, 1968) to six (Emrich et al., 1970) times smaller than 
that of o18o, and second because it has greater intrinsic variability related 
. 18 to the surface-water carbon reservoir (see Chapter 7). Concerning the o 0 
variations, two factors are important for a calcium carbonate deposited in 
isotopic equilibrium with well-mixed ocean waters. A temperature rise of 1°C 
f 
t 
176 
lowers o18o by 0 about 0.23 / 
oo' 
a glacio-eustatic sea-level rise of 10 m 
lowers o18o by ~0.1°/ due dilution of the ocean 18 ice melt-to by 0-poor 
00 
water. These two factors were decoupled in Table 5.4 according to the method 
established in Chapter 5. 
Accordingly, only the crest of reef Vllb shows a o18o value which is not 
explicable in terms of sea-level change (although we note a slight discrepancy 
between the "predicted" and "observed" sea-level for the reef VI transgressive 
phase, this is explained in terms of the uncertainties involved in defining 
the sea-level during transitional phases, as against the high precision of 
sea-level determination during a culmination). 
0180 of reef Vllb is 0.51°/ heavier than that of the modern Huon 
00 
Peninsula reef; more importantly, it is 0.54°/ heavier than the value for 
oo 
Vlla crest which formed at a similar sea-level 5-7 m higher than present. 
This o18o difference was shown to be significant at better than 0.01 level 
Student's "t"-test, and the difference lies between 0.4°/ and 0.6°/ at the 
00 00 
80% confidence level (Table 5.3). As sea-level change cannot possibly account 
for this difference, it can be concluded that the ocean adjacent to the Huon 
Peninsula was l.7-2.7°c cooler during the building of Vllb barrier-crest than 
for Vlla crest. Cooling during Vllb crest-building follows a sea-level rise 
of 5-8 m which commenced at least 1-2 kyr previously (discussed above). 
Moreover, the ocean cooling effect seems largely to have disappeared in 
tropical New Guinea about 3000 years after the Vllb peak, that is, when the 
VI lb lagoon and patch reefs formed (point "Y" in Fig. 6. 2) , because temperatures 
similar to present are indicated (line 14, Table 5.4). Although this result 
is from Tridacna specimens which grew within, rather .than outside a lagoon, 
it is likely that lagoon ponding was not involved, as the geometry is 
similar to that of the modern Huon Peninsula lagoons whose waters are well 
circulated (supporting evidence is shown by temperature-salinity data 
tabulated in Table 2.2). Hence, irrespective of the mechanism which produced 
the 2°c cooling during the Vllb sea-level rise, it seems that its manifestation 
waned in the tropics while the northern glaciation was initiated and the sea-
level started regressing. 
The timing of the events described here, their sign and amplitude agrees 
qualitatively with the Wilson's Antarctic-surge theory of ice ages which 
predicts both rapid sea-level rise and significant world cooling before onset 
of the northern glaciation. Note that the Milankovitch factor cannot explain 
this cooling, as radiation 120 kyr ago was similar to that of the present 
(Fig. 6.3c), and in any case isotope results from Tridacna samples reflect mean 
annual conditions which do not vary significantly in Milankovitch terms. 
However, this 2°c cooling poses a quantitative problem if it reflects the 
f' . 
' 
arrival in the New Guinea region of cold water originating from an Antarctic 
surge. If all the heat for melting the floating ice came from the entire 
oceans (latent+ sensible heat), net cooling would be only 0.3°c. Either 
there is a more direct transfer via some component of the oceanic circulation, 
or global cooling arising from the extended ice shelf albedo is implicated. 
Assuming a present doy oceanic circulotion in the area 120 kyr ago, 6180 
seasonal data suggest that both the south-equatorial current during the 
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summer ond ·the Corol Sea water-moss during the winter were cooled by roughly 
equal amounts relative to present levels (Appendix D, Table D-1), and therefore 
a global cooling is the preferred interpretation. 
6 3 Each surging volume of 10 km of ice should produce an eustatic rise 
of 2.3 m, assuming a mean ice density of 0.88 gr/cm3. Taking the sea-level rise 
6 3 
around 120 kyr as the estimated 5-8 m, it implies a surge of 2-3 x 10 km of 
ice into the surrounding Southern Ocean. While this volume is an order of 
magnitude smaller than the one envisaged originally by Wilson (1964, 1969), 
it is consistent with the estimated magnitude of a "mini" Antarctic surge 
required by an albedo-dependent energy model in order to induce a global 
cooling of several Celsius degrees (Flohn, 1978). 
From the available data, it is not known whether the surging ice-mass 
was more likely to have been in East Antarctica (Wilson hypothesis) or 
West Antarctica (Mercer hypothesis), although Hughes (1975) has collected 
evidence for such an event happening about 110 kyr ago in the West Antarctic 
ocean-based ice cap, closing the Eem-Sangamon interglacial period. Note 
also that the Milankovitch factor predicts strong warm summer-cool winter 
contrast during the 130-125 kyr interval, a condition normally taken as 
inimical to northern continental ice growth. Such a radiation pattern may 
favour enhanced summer snowfall in Antarctica, leading to ice sheet building 
towards instability. This might explain the minor sea-level decline from 
the VIIa peak before the VIIb rise. 
The palaeoclimatic data from the coral reefs in New Guinea point clearly 
to a division of the last interglacial episode into two distinct phases: an 
early prolonged phase lasting ~10,000 yr and culminating around 130 kyr B.P. 
and a late cooling event around 120 kyr B.P. The fact that the compound 
interglacial between 135 kyr and 120 kyr has not been detected so far in the 
deep-sea cores (see Fig. 5.5) requires an explanation. It is probably due 
to a lack of stratigraphic resolution in the cores, for reasons already 
detailed in Chapter 5. Similarly, the apparent absence of the bipartite 
interglacial in the Barbados and Ryukyu reef record also may be due to a lack 
of resolution, which in turn implies a slower rate of tectonic uplift of these 
regions compared with the Huon Peninsula or Timor. 
" 
6.3.2 Aspects of the astronomical theory of ice ages that are subject 
to verification in the palaeoclimatic record from New Guinea 
A close observation of the sea-level record and oxygen isotope data 
l/8 
from the emerged late Quaternary coral reefs in New Guinea (Figs. 6.3a and b) 
reveals the existence of "cycles within cycles". The shortest cycle recognized 
in the sequence is that of an individual reef complex terrace. The duration 
of a hemicycle is roughly 10 kyr and its amplitude and frequency is related 
to the glacio-eustatic fluctuations, induced by the ice-volume changes of the 
continental glaciers in the northern hemisphere. Only the high amplitude part 
of the cycle is exposed in the coral reef stratigraphy, that. is, the portion 
related to the rise in sea-level. The upper half of the cycle is recognized 
in both the sea-level and oxygen isotope record, except for around the 
jF.~ termination of the last interglacial, where sea-level and the oxygen isotope 
---~ 
variation moved in opposite directions. This exception was discussed in detail 
in the previous section and provides evidence in favour of an Antarctic-surge 
event. 
The second type of cycle recognized in the sequence has a lower frequency 
than the first and is present in the oxygen isotope data but not in the sea-
level data. The duration of a hemicycle is roughly 50,000 years and its 
amplitude and frequency are apparently related to the state of the oceanic 
thermal regime. The high amplitude segment of this cycle includes the inter-
glacials and the warm interstadials (VI and V), whereas the lower amplitude 
contains the cold interstadials (IV,IIIa,IIIb,II). 
It is intended here to demonstrate empirically the relation between the 
frequency and the amplitude of the cycles and the role of the Milankovitch 
factor. Prior to considering the nature of the low-frequency cycle, the 
primary factors which may explain the frequency and the amplitude of the 
shortest cycle recognized in the coral reef sequence must be first discussed. 
Implicit in the Hilankovi tch astronomical theory of ice ages is the importance 
of time-transgressive variations in the seasonal insolation contrast at the 
latitudes of the ice caps. 
The palaeoclimatic data from New Guinea are correlated with the predicted 
seasonal insolation contrast at three distinct levels of correspondence. 
The first order correspondence to be searched for is the chronology of the 
two records. The second order correspondence equates climatic intensity 
(o 18o and sea-level records) directly with insolation intensity, bypassing 
the search for solar-terrestrial-oceanic links in the climatic system. 
The third order correspondence equates the predicted seasonal insolation 
contrast at the la·titude of the Huon Peninsula with ·the recorded seasonal 
contrast from o18o seasonal measurements. 
Figure 6. 3 Sea levels, 8 18 0 and insolation changes 150-0 kyr B.P. 
a. Sea-levels according to Bloom~ al. (1974), Chappell and Thom 
(1978). 
b. · 8 180 from Tridacna gigas, New Guinea reefs (this work). Small 
circles are group means for each reef f acies, bars are group lcr 
values. 
c. Deviations of solar radiation from present values in Langleys per 
day, after Berger (1978b), The horizontal lines indicate the 
latitude of the coral reefs in New Guinea (6°S) and the sensitive 
latitude of the ice-age ice sheets (50°N), implicit in Milankovitch 
theory of ice ages (see text). 
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· A close comparison between the chronology of the northern hemisphere 
deviat1ons of solar radiation from their present values integrated over 
summer and winter seasons, and the chronology of the reefs in New Guinea 
(Fig. 6.3) illustrates the following points: 
(1) 
(2) 
The chronology of the reef terraces in New Guinea corresponds to 
intervals of enhanced seasonal insolation contrast, e.g. higher than 
present summer insolation and lower than present winter insolation. 
The ngrcemcnt is excellent, particularly for the early part of the 
climatic (130,lOS,82,60 kyr) and its last part (30, 10 kyr) but less 
obvious for reefs Illa and IIIb around 4S kyr and 40 kyr respectively. 
Reduced seasonal insolation contrast, e.g. lower than present summer 
insolation and higher than present winter insolation seems to car.respond 
to the less known chronology of the glacial advances (low sea-level) , 
such as around llS, 9S, 72 and 20 kyr. 
The chronological correspondence between the glacial advances and 
retreats and the time-transgressive seasonal pattern of solar radiation 
received at the top of the atmosphere, follow closely the Milankovitch theory 
predictions. This is consistent with ice advances during cooler summer-warmer 
winter incidenc~whereas enhanced seasonality resulting from warmer summer-
cooler winter is consistent with ice retreats. The close agreement suggests 
strongly that a cause and effect relationship exists between the two records 
as also recognized by Chappell (1978). 
The second order correspondence implies a direct comparison between the 
total solar radiation for a half a year that contains spring and summer, at 
certain northern latitudes that are considered as most sensitive to insolation 
180 
variations (the latitudes of late Quaternary ice sheets), and the palaeoclimatic 
data from.New Guinea, reported as o18o and relative sea-level variations. 
However, prior to further discussion, it is necessary to stress again what 
1 1 d cS 180 . . . . f sea- eve an variations signi y. 
Firstly, palaeosea-level data are inversely related to ice volumes and 
hence indirectly record the thermal variations at high northern latitudes. 
18 Secondly, cS 0 data are the composite of two signals: ice-volume variations 
and surf nee nccnn temperatures, thnt is, they record indirectly the thermnl 
regime at high northern latitudes and they record directly the thermal 
variations at low southern latitudes. Thirdly, today the solar radiation Q, 
averaged over half of the year (summer insolation) at the latitudes of 60°N, 
S0°N and 40°N is 787, 847 and 892 langleys d-l (1 ly = 1 cal.cm-2 = 41.8S kj. 
m-
2) respectively (Berger, 1978b). Thus the variation in 6Q that is shown 
in Fig. 6.3c for S0°N latitude (the line crossing the insolation contours has 
181 
been drawn at S0°N because it is a key latitude in the Milankovitch theory) 
-1 -1 
which is between the limits of +4S ly.d and -30 ly.d during the last 
140,000 years, is the same as that produced by shifting southwards the land 
0 
mass upon which an ice sheet may be resting by up to 8.6 latitude (or ~900 km) 
and northward by up to S.7° (or ~600 km). 
The following points emerge from the comparison 
amplitudes,and 6Q at so 0 N: 
18 
of o 0 and sea-level 
(1) A close correspondence seems to exist between the excess summer 
insolation at S0°N and the o18o record in New Guinea during the 
(2) 
(3) 
last interglacial (Vlla) and the following interstadials. The 
-1 highest 6Q of +4S ly.d predicted at 130 kyr corresponds to the 
lowest o18o value and the highest sea-level during the culmination of 
reef Vlla. 
-1 A summer insolation excess of +30 ly.d corresponds to the warm 
interstadials o18o values,whereas a reduced 6Q of +lS to +S ly.d-l 
corresponds to the cold interstadials with 180-enriched compositions 
and substantially lower high sea-levels. 
-1 Finally, an enhanced 6Q during the Holocene of +30 ly.d has its 
equivalent in the high sea-level, but is less apparent in the o18o 
record. 
(4) The agreement between the palaeoclimatic data and 6Q is less obvious 
(S) 
for the stadial intervals. Insolation data predict the lowest 6Q 
-1 
around llS kyr (-30 ly.d ), yet sea-level data record the lowest 
fall and hence the maximum glaciation around 18 kyr. 
Between the warm interstadials (lOS kyr and 8S kyr) and the earliest 
cold interstadial at 60 kyr, 6Q predicts a 30% reduction while the 
recorded 180-enrichment and sea-level fall suggest proportional 
larger changes (~so% each). 
It is concluded that the second order correspondence illustrates broad agree-
ment between climatic intensity and insolation intensity at high northern 
latitudes, even though some important discrepancies persist. 
The third order correspondence fails to show any correlation between the 
predicted seasonal insolation contrast at the latitude of the Huon reefs 
(line 9, Table S.S) and the recorded oxygen isotope seasonality from o18o 
analyses of T.gigas growth bands (Figs. S.4 a to i and the isotope-temperature 
seasonality, lines 4, S, 6, Table S.S). The lack of any correspondence between 
the two parameters is illustrated by two examples: 
(i) The recorded 6180 seasonality during the early last interglacial 
episode (Vlla) was the largest during the last 140,000 years, 
but the predicted seasonal insolation contrast is one of the 
(ii) 
-1 -1 
smallest (43 ly.d , compared to the present value of 101 ly.d ). 
Whereas the caloric seasonal insolation predicts reduced contrast 
during the warm interstadials and enhanced contrast during the 
cold interstadials, the recorded isotope seasonality apparently 
show the opposite trend. 
The result of this comparison should not be surprising. Firstly, the 
predicted caloric seasonal insolation contrast which involves orbital 
geometry is calculated for the top of the atmosphere. This signal is diluted 
or amplified through the terrestrial energy components at low latitudes 
(atmosphere-ocean-albedo), yielding the resultant seasonal contrast observed 
18 by 8 0 seasonal measurements. Secondly, the ocean is a much larger heat 
reservoir than the land and the atmosphere, which tends to even out the 
seasonal temperature fluctuations. Hence, the ocean does not show the same 
sensitivity to shifts in seasonal insolation cycle in the same way that the 
extent of snow and ice fields do (Kukla, 1978). Thirdly, 6180 seasonal data 
incorporate environmental signals other than temperature, such as 
seasonal sea-water dilution which might shift the seasonal 6180 contrast 
independently of temperature contrast. 
A little further amplification is possible in the light of the correspon-
dence between the reef-building episodes and the orbital perturbations. Fig. 
6.1 illustrates that the majority of the late Quaternary reef-building 
episodes in New Guinea correlate with the incidence of high obliquity and with 
the northern hemisphere summer close to perihelion (w = 270° to 360°). 
Glacial build-up episodes corresponding to gaps in the coral-reef terrace 
sequence correlate with low obliquity and northern hemisphere summer close 
to aphelion (furthest from the Sun, w = 180° to 90°). However, this is 
apparently an oversimplified picture because there seems to be no clear 
correspondence between the orbital perturbations and the late interstadials, 
when ice caps were near their maximum size (55,000 - 20,000 yr B.P.). 
Superimposed on this high-frequency cycle, a low-frequency cycle 
(~50,000 yr hemicycle) is evident in the oxygen isotope record from New 
Guinea. The broad interval of the last interglacial and the early warm 
interstadials appear to be ~n phase with periods of high orbital eccentricity, 
whereas the cold interstadials are in phase with a prolonged period of low 
orbital eccentricity. 
18 discontinuity (A 0 
It is observed that the significant oxygen isotope 
0.67°/ ) between the warm and cold interstadials, which 
oo 
has its counterpart in the deep-sea core record as well as in the terrestrial 
record from the Grand Pile (see Fig. 5.5a and b),match the timing of change 
in the eccentricity from relatively high to low values. 
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The presence of persistent global cooling following the 72 kyr glaciation 
(a 3°C cooling around New Guinea at 60 kyr) compared to northern hemisphere 
high-latitude cooling prior to this interval, demands an explanation. On 
the one hand, the global cooling event which affected both the high and low 
latitudes coincides with the phase change from high orbital eccentricity 
to an interval of low orbital eccentricity. On the other hand, the Milankovitch 
theory of ice ages does not attribute any significant role to the orbital 
eccentricity in climatic change, other than modulating the precessional curve 
(Berger, 1978b). It should be stressed here that the only orbital element 
which can modify the total solar radiation received by the Earth is the 
t~ eccentricity; all the other astronomical elements contribute only to a 
redistribution of that energy at various latitudes (op.cit.). In a search for 
the influence of the eccentricity alone on the insolation, it is observed 
that "e" oscillated between 0.04125 and 0.0125 during the last 150,000 years, 
and it can be shown that the total variation in solar radiation received by 
the Earth during this period varied by no more than 0.009% (Berger, 1977b). 
Although these variations are small, they are in the right direction 
according to the isotopic temperature results and the variations are positively 
correlated with the change in global temperature. It is instructive to note 
that among the quasiperiodici ties found by Hays et al. (1976) and Imbrie and 
Imbrie (1980) in the spectral analyses of deep-sea core palaeoclimatic data, 
that of eccentricity (~100,000 yr component) is significantly more pronounced 
than the Milankovitch theory predicts. The support from deep sea-core data 
for a 100,000 yr cycle with reference to eccentricity is particularly 
importan4 because the cores span the last half a million years and hence 
the repetition of this cycle in the geological record is confirmed. 
In addition to the Milankovitch factor that has been shown to be 
important, there are a further three implicit observations that have to be 
pointed out in relation to the mechanism of climatic changes. The first is 
related to the amplitude and frequency of cold outbreaks during the cold 
interstadials. Fl.uctuations of up to l.5°C are monitored around New Guinea 
in a time interval of several thousand years, which obviously cannot be 
accommodated in terms of the Milankovitch factor (Fig. 6.3 and line 14, 
Table 5.4). The second is related to the conditions leading to glacial 
termination. As pointed out by Chappell (1978), these are indicated by 
comparing the termination of the last ice age around 11 kyr with the glacial 
retreats at 105 kyr and 85 kyr. These climatic episodes stopped well short 
of comp_lete deglaciation and yet were associated with summer insolation 
-1 
excesses greater than the sunnner excess of 30 ly.d , 11 kyr ago. The 
third point refers to the question of why the warming oceans during the 
early part of the Holocene did not initiate a resurgence of ice growth 
(through abundant moisture supply), before the ice sheets disappeared 
entirely. 
It is argued here that at least part of the answer can be found by 
studying the interactions between the thermal characteristics of the oceans 
and changes in albedo, as suggested by Adam (1973, 1975). For example, in 
order to accommodate the apparent discrepancies between the insolation 
l~vels and the climatic events leading to the present interglacial (the 
second point above), a negative feedback relationship between the excess 
glacier size and nourishment can be inferred. A glaciation terminates when 
on the one hand the oceans cool to the point (such as the 6°c cooling around 
New Guinea), that they cannot supply enough moisture to maintain the glaciers 
during the winter, and on the other hand the incidence of excess solar 
radiation during the summer (Milankovitch factor) increases the ablation 
factor. 
In order not to refuel a new glaciation during the early part of the 
present interglacial (the third point above), Adam (op.cit.) argued that a 
significant lag must have occurred between the complete warming of the ocean 
l /jij 
and the disappearance of the ice sheets. On the present argument, the evidence 
for the presence of surface water around New Guinea that was 2°c cooler than 
present, coupled with atmospheric temperatures a little warmer than present (~. 
no glaciers on the Highlands in New Guinea), support the views of Adam (1975) 
and Newell (1974) that the heat now stored in the ocean above the thermocline 
cannot have suddenly appeared at the beginning of the Holocene. Rather it 
must have been accumulated gradually, and it may still be accumulating as 
a very slow deepening of the thermocline. This opinion is also supported by 
evidence from deep-sea cores suggesting a modern warming of the north Atlantic 
Ocean, following a mid-Holocene that was cooler than the present ocean by 1. 5 
to 2°c (Ruddiman et al., 1970). 
6.4 The isotope record from New Guinea and its bearing on the late 
Quaternary atmospheric and oceanographic developments in the 
western equatorial Pacific 
Although the effects of late Quaternary climatic changes have been 
exceedingly well documented from glaciated regions at high latitudes, the 
impact of the same changes on the low latitude regions of the world is only 
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now beginning to be understood. This study's interest lies in the equatorial 
Pacific area and in particular the western region, where the palaeoclimatic 
record is scant~ and the existing evidence shows considerable variability 
of conditions during the last ice-age stages. In this region of the globe, 
the distinction between seasons is based on the prevailing wind directions 
and the amount of precipitation available from each air mas~ rather than on 
thermal contrast. Thus an understanding of the present atmosphere-ocean 
coupling and its relationship with the regional climate is vital for the 
interpretation of the palaeoclimatic evidence and its bearing on the late 
Quaternary evolution. The characteristics of the present climatic regime in 
the New Guinea region have been detailed in Chapter 2, however some points 
of particular interest will be supplemented here. In this regard it is 
p· instructive to note that the average annual surface temperature in the 
~-~ 
i. 
~· 
equatorial Pacific area is strikingly different in the western and eastern 
part of the ocean. As a result of the upwelling associated with the Peru 
current and the equatorial zone of oceanic divergence, the ocean water in 
the eastern half is cooler by up to 3°c relative to the large and uniformly 
warm reservoir of water in the western half (Lockwood, 1976, Fig. 4.3). 
The western warm water area is considered to be the core of the heat 
source for the Pacific atmospheric circulation, and hence provides most of 
the thermal energy essential for the operation of the lladley circulation of 
both hemispheres (Bjerknes, 1966). The thermal imbalance between both sides 
of the low latitude Pacific are thought to be responsible for significant 
regional climatic aberrations related to the Southern Oscillation Index (S.O.) 
This is a large scale-atmospheric and hydrospheric fluctuation involving the 
equatorial temperature profile, the strength of the easterlies in the Pacific 
and the summer migration of the northwest monsoon. A comprehensive 
description of the Southern Oscillation Index (otherwise known as the Walker 
circulation) is given by Quinn (1971) and Wright (1978). 
Large variations in the summer monsoon are thought to be related to 
the Southern Oscillation Index. Evidence from the past decade indicates that 
an extensive, well developed dry zone has ranged periodically from a weak 
development over the eastern. equatorial Pacific, to a well developed zone 
extending across the Pacific (Quinn, 1971). Geological evidence from 
Australia (Bowler, 1976; Rognon and Williams, 1977), New Guinea (Bowler 
et al., 1976), Peru (Simpson, 1975), Galapagos Islands (Colinvaux, 1972), 
eastern equatorial Pacific (CLIMAP, 1976) seem to indicate that anomalously 
drier conditions prevailed in these regions during the ice age. This can be 
tentatively related to a strengthening of the Hadley circulation, more 
equatorward westerlies, an ITCZ retreat towards the equator and disorganization 
of the monsoonal regime, and an increased cooling and upwelling along the 
equatorial divergences in the Pacific area. It is intended in this section 
to test these ideas against observations from the emerged late Quaternary 
coral reefs in New Guinea. The palaeoclimatic record at this site is 
particularly appropriate to test the validity of atmosphere-ocean coupling 
alterations in the past, because high resolution seasonal data have become 
available from the last Eemian interglacial, the subsequent Wisconsinan 
interstadials and the Holocene. 
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It is argued here that evidence exists for the following past alterations 
in the state of the atmosphere and ocean in the region of New Guinea: 
(1) Intensification of the summer monsoon during the early last inter-
glacial episode VIIa (140-133 kyr) and a warm ocean similar to 
present, followed by a significant seasonal cooling during the late 
interglacial stage at VIIb (120 kyr). 
(2) Atmospheric and oceanic conditions similar to those of the present 
prevailed during the warm interstadials (105-85 kyr). 
(3) Large yearly average temperature fluctuations with a general cooling. 
trend involving both atmosphere and ocean. 
(4) A lag in the warming of the ocean relative to the atmosphere during the 
postglacial early to mid-Holocene, and a dramatic reduction in the 
seasonal contrast. 
Documentation for the above arguments has been presented in the previous 
chapters. Only the relevant conclusions and their support in the record 
will be discussed, tentatively relating the documented evidence to known 
atmospheric and hydrospheric fluctuations from the area. 
6.4.1 The last interglacial episode (140-120 kyr) 
According to the previously suggested division, the last interglacial 
episode in New Guinea is separated into an early phase represented by VIIa, 
and a late phase represented by VIIb. The oxygen and carbon isotope seasonal 
curves from T.gigas associated with VIIa are distinct from the other climatic 
stages represented in the coral reef sequence, including the present inter-
glacial seasonal pattern (see Figs. 3.6 and 5.4). Intensification of the 
summer monsoon during the early last interglacial expressed by increased 
levels of precipitation of up to 1.5 to 3.7 times higher than present (see 
section 5.4 for estimates), and consequently increased cloudiness and reduced 
effective solar radiation,were suggested from the isotopic evidence. The 
alternative to this interpretation will require seasonal temperature contrasts 
¥. 
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of up to 11°c which are unlikely for this area. Therefore, both seasonal 
o18o and o13c variations converge towards the same environmental implications, 
i.e., intensification of the summer monsoon during the early phase of the 
last interglacial was associated with increased atmospheric and oceanic 
disturbances, whereas sea water temperatures were similar to those of the 
present. 
The climatic pattern of the early interg1acial changed, however, during 
its late phase. Both winter and summer isotope temperatures were cooler by 
~2°c relative to the early phase and the o13c seasonal contr~st diminished. 
It is likely that the relatively rapid cooling produced by an Antarctic 
surge (see previously) altered the Hadley atmospheric circulation, and 
consequently the frequency and amplitude of the southward migration of the 
summer monsoon across the equator. 
6.4.2 The early Wisconsinan warm interstadials (105-85 kyr) 
Ample evidence points to the fact that the climatic regime in the New 
Guinea area during the early interstadials resembled in detail the present 
pattern. The seasonal contrast did not exceed 3°C and the isotope results 
suggest that absolute temperatures were similar to or marginally higher than 
those of the present (Table 5.4, line 13). The o13c seasonal pattern 
reinforces the above statement by illustrating typical curves similar in 
frequency and amplitude to those of modern samples (Fig. 5:4d and e). The 
data available (i.e. sea-level estimates) indicate that the "climate engine" 
had already started the large-scale transfer of water from the ocean to the 
continental ice caps in the northern hemisphere during the early glaciation 
stages, and thence back into the ocean during the early interstadials. The 
climatic regime in the western Pacific low latitudes were not greatly affected 
by the thermal changes accompanying the fluctuations of the ice caps (i.e. 
18 
shown by o 0 data), but continued with an interglacial climate even at the 
. 
fine scale of seasonal variations. 
6.4.3 The mid to late Wisconsinan cold interstadials (60-28 kyr) 
Significant changes in the thermal characteristics of the terrestrial 
reservoirs must have taken place during the glaciation at 72 kyr, because 
the following interstadial at 60 kyr was not as warm as the two previous 
0 interglacials, but indicates significant cooling of ~3 C below present. 
Alteration of the climatic regime in the New Guinea region during the mid to 
late ice age is documented by the following evidence: 
(1) Relatively rapid fluctuations in the average annual temperatures are 
recorded between 53 and 37 kyr, with a maximum cooling of ~6°c below 
present. The magnitude of surface ocean temperature fluctuations 
conflict with the palaeotemperature data obtained from deep-sea 
cores in the west equatorial Pacific, but support the inferred cooling 
levels necessary to explain the contemporary lowering by 1100 m of the 
snow line in the New Guinea Highlands. 
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(2) The oxygen-isotope seasonal contrast during the cold interstadials is 
reduced relative to interglacial levels. Interpreted as palaeotemperature 
( 3) 
18 
records, 6 0 seasonal curves suggest significant cooling of sea water 
around New Guinea during both summer and winter seasons. 
Reduced seasonal contrast in o13c curves (13c-enriched summer values) 
implies enhanced coral-reef organic productivity during the Austral 
summer, probably resulting from increased sunshine hours above the 
Huon Peninsula, and from less frequent monsoonal disturbances. 
Assuming no dramatic changes in the timing and direction of movement of 
oceanic masses through the Vitiaz Strait during the ice age, e.g. the 
equatorial current flowing to the southeast during the Austral summer and the 
Coral Sea water flowing northwest during the Austral winter, it is implicit 
that both water masses cooled significantly during the late ice-age stages. 
Whereas the winter cooling might be consistent with increased incursions of 
cold mid-latitude water into the tropics along the eastern margins of the 
Southern Hemisphere continents as a consequence of stronger and more equatorial 
westerly winds (Webster and Streten, 1978), there are no apparent reasons for an 
equivalent cooling of the equatorial current during the summer season. However, 
if the trade winds circulation were seasonally intensified as suggested by 
various evidence (Bowler, 1976; Rognon and Williams, 1977) thereby intensi-
fying the westward flowing south equatorial current and the associated upwelling, 
this cooler surface water probably extended into the western equatorial region 
and thus impinged upon the east coast of New Guinea during the Austral summer. 
If the bl'.'anch of the cquatorinl current moving through the Vitiaz 8t:rait: was at 
times several Celsius-degrees cooler than present due. to pronounced upwelling 
in the equatorial zone of oceanic divergence, the development of a dry zone 
over the western and central parts of the equatorial Pacific would be implicit. 
An interesting point emerges from this discussion. Palaeoecological 
surface water temperatures from deep-sea cores from the eastern equatorial 
Pacific region, suggest temperatures of ~zz0 c during the late ice-age (CLIMAP, 
1976; Luz, 1973). For the. same interval, data from both the New Guinea 
Highlands (Webster and Streten, 1978) and the emerged coral reefs suggest a 
surface ocean temperature in the western Pacific of ~zz 0c. If it is 
assumed that the present thermal imbalance between the western and eastern 
equatorial Pacific diminished late during the last ice age, climate modelling 
studies indicate that this would favour an equatorial upwelling that was 
more intense than that of the present (Bjerknes, 1966; Quinn, 1971). This 
would result in lower ocean-surface temperatures and a well developed arid 
belt extending over the entire equatorial Pacific area. 
6.-4.4 The mid-Holocene (8-6.5 kyr) 
18 If the yearly average 6 0 difference between the mid-Holocene reef and 
the modern reef is interpreted as a temperature residual between the two, 
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this implies that sea-water temperature around the Huon Peninsula was z0 c 
below the present. Viewed against the dramatic cooling during the late ice age 
(~6°C below present during the regressive phase of reef Illa), the mid-Holocene 
values represent a substantial increase in the sea-water temperature, though 
it is surprisingly lower than the expected values during the Hypsithermal. A 
careful study of the available palaeoclimatic records for th~ area points to 
significant lags between the components of the climatic system: 
(1) Sea-level data indicate that during the mid-Holo,cene, sea-level 
stood within a few metres of the present level (Thom and Chappell, 
1975) and most of the excess continental ice melted (Bloom, 1971). 
Henc~ the surface water temperature change in the region lagged 
behind the global variation in sea-level. 
(2) The small ice caps which covered the high peaks in the New Guinea 
Highlands late during the last ice-age, began to retreat 15-14,000 years· 
ago and had probably melted completely by 9000 years ago (Hope and 
Hope, 1976). 
Because the presence or absence of the mountain ice caps is a direct function 
of the thermal variations in the atmosphere, it is apparent that during the 
mid-Holocene, surface water temperature warming lagged behind the atmospheric 
warming. 
Although the effective lags in the system are evident, their actual cause 
is uncertain. On the one hand, in order not to refuel a new glaciation, Adam's 
model of ice ages (Adam, 1973, 1975) requires a significant lag between the 
complete warming of the ocean and the warming of the atmosphere, a view 
apparently supported by the evidence from New Guinea and from the north Atlantic 
(Ruddiman et al., 1970). On the other hand, a local or regional cause cannot 
be dismissed. If a regional interpretation rather than a global one is accepted, 
I ,-
it indicates that the characteristic atmospheric and oceanic circulation 
during the ice age did not flip-over in the transition between the late 
glacial and the postglacial phases, but was gradually changed to allow 
redevelopment of the present circulation in the area. Viewed in this way, 
the early to mid-Holocene is a "relict" of the ice-age intensified oceanic 
and atmospheric circulation in the western equatorial Pacific area. 
!YU 
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CHAPTER 7 
DISCUSSION AND CONCLUSIONS II 
o13c VARIATIONS DURING THE LAST 105 YEARS AND THE CARBON CYCLE. 
7.1 Introduction 
Variations in the relative sizes of the different carbon reservoirs 
shown in Fig. 3.2 have occurred at time scales ranging from the largest obser-
8 ·9 0 -1 
vable (10 -10 years) to interannual (10 years) and intra-annual (10 years). 
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Since the analytical records of the past 50 years provide information covering 
only an insignificant fraction of the Earth's history, the records of 
palaeochemical "sensors" must be used to describe the spatial and temporal 
patterns of all but the most recent variations. During variations in the carbon 
budget with characteristic times longer than about 104 years, it has been pro-
posed that the atmospheric reservoir remains in equilibrium with the oceanic 
reservoir and the reservoir of surface organics (Walker, 1977, Chapter 3). 
The degree of simplicity with which the carbon variations must be treated 
increases exponentially with the time scale over which they have occurred. 
Whereas long-term changes specifically refer to variations of the organic 
carbon to carbonate carbon ratio (Schidlowski et al., 1976; Weber, 1967), 
short term changes must refer to temporary redistribution of carbon between 
various eompartments such as the atmosphere, the upper ocean layer, the deep 
ocean, the land biomass as against marine biomass etc. In this respect, 
probably the most difficult factor to elucidate is the variation in the carbon 
budget on the 104-105yr time-scale. On the one hand, relatively long residence 
times of the carbon (~2xl05 yr) constrain the response time of the oceanic co2 
reservoir to a time scale of at least 105 years under steady state equilibrium 
conditions (Broecker, 1980). On the other hand, the carbon dioxide system in 
the atmosphere and ocean is con~rolled by biological kinetic processes rather 
than by abiological geochemical equilibria which impose broad limits within 
which the system can vary (Pytkowicz and Small, 1977). Unlike the thermo-
dynamically fixed composition, that fixed by kinetics is likely to show 
important temporary changes in the time scale discussed here. 
Although gathered routinely, carbon isotope data from late Quaternary were 
not widely interpreted until recently,when researchers began to appreciate 
the potential value of carbon isotopes and to question the model which holds 
. that the isotopic composition of the oceanic carbon reservoir has remain-ed 
constant during the Pleistocene climatic changes (Kroopnick et al., 1977; 
.. 
!I; 
~-
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Shackleton, 1977). 
It is the aim of this chapter to discuss the various palaeoindicators of 
changes in oceanic chemistry which occurred between glacial and interglacial 
times. The possible causes of such changes, within the limits imposed by the 
reliability of the palaeoindicators will also be discussed. The discussion 
will be biased towards the recorded 13c; 12c variations in the nearshore marine 
coral reef environment in New Guinea during the last 105 years. Taking advan-
tage of the multiple palaeoclimatic information existing in the record from 
New Guinea, an attempt will be made to establish a chronology of ocean chemistry 
changes, paying particular attention to lead and lag phenomena between climatic 
events and ocean chemistry changes. 
7.2 Palaeoindicators of ocean-atmosphere co2 chemistry changes in the 5 last 10 years. 
There are two relevant palaeoindicators of ocean chemistry changes in the 
5 past 10 years which leave an imprint on the sedimentary record. Variations 
in the levels of dissolved EC02 leave a qualitative mark by changing the depth 
of the lysocline and carbonate compensation depth, and by inducing time-
dependent pulses of dissolution-preservation which can be observed in the 
carbonate record of deep-sea cores. The measurable parameters are the ratio 
between calcitic plankton foraminifera susceptible to dissolution to resistant 
forms such as siliceous radiolaria or benthic foraminifera (Weyl, 1970). 
The other palaeoindicator which leaves a quantitative mark in the sedi-
record the 13 12 . the dissolved Eco2 . As the carbon in mentary is C/ C ratio of 
organic is deficient in 13 1 . h dissolved carbon in the matter C re ative to t e 
ocean, any net transfer of carbon from the organic carbon reservoir to the 
ocean and vice-versa via generation or destruction of organic matter will lead 
h . h 13c/ 12c . f . b Th -" 13c d f . to a c ange in t e ratio or oceanic car on. e u recor o ancient 
deep ocean-water is preserved in the o13c composition of contemporary benthic 
foraminifera if allowance is made for the isotope fractionation between dissolved 
bicarbonate and the cieposited Caco3 . Similarly, the o
13c record of the ancient 
upper mixed ocean layer is preserved in the shells of planktonic foraminifera 
and in the biogenic fractions of emerged coral reefs and beach deposits. 
Recent analyses of the air enclosed in samples from polar ice cores pro-
vides one of the most promising palaeoindicators of atmospheric co2 changes 
5 during the past 10 years. 
The evidence provided by these palaeoindicators can be evaluated as 
follows: 
(1) Significant fluctuations in the degree of deep-ocean corrosiveness 
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to Caco 3 are recorded in deep-sea sediments which display cyclic 
variations in their Caco 3 content. The periodicity of these variations 
is similar to that of the late Quaternary climatically induced period-
icities (Erez, 1979). The opposite behaviour of the Pacific and Atlantic 
deep ocean with respect to the cycles is notable. It has been shown that 
during dissolution cycles, at least 60% of the carbonate fraction of 
deep-sea sediments must have dissolved (op.cit.). The cycles observed 
have been induced by co2 changes and also have produced alkalinity 13 13 12 
(2) 
changes but not o C changes because the C/ C ratio in marine carbon-
ates is almost identical to that of sea water. 
Shackleton (1977) was the first to explore systematically the o13c 
record in benthic foraminifera. Using monospecific samples, he obtained 
continuous records through the last glacial cycle in several deep-sea 
cores from the Atlantic, Pacific and Indian Oceans. He found that the 
0 . glacial benthic foraminifera have on the average 0.7 I +O.l lower 
oo -13
c content than that of the interglacial shells and that a broad 
· 1 · b h s 18o and s 13c values d h negative corre ation etween t e u u measure on t e 
same benthic tests was evident. 
Estimating the glacial to interglacial change in the o13c for planktonic 
foraminifera, however, has proved more difficult than for benthic forms. As 
indicated by Shackleton (op.cit.) and summarized by Broecker (1980), the 
detailed o13c record of shallow living planktonic species varies from area 
to area, the scatter is very large, and contrary to the benthic record, there 
is no correlation evident between o13c and o18o measurements on the same 
samples. Eventhough the reliability of o13c values is very low, Broecker 
13 (op.cit.) argued that the o C value for glacial planktonic samples is on 
0 
average 0.1 I lower than that of the interglacial samples. 
00 
A different carbon isotope record for T. gigas associated with the 'late 
Quaternary emerged coral reef terraces in New Guinea is shown in Fig. S.2b. 
The yearly average carbon isotope compositions are plotted against the dated 
chronology of the reef-building episodes. The analytical procedures and the 
stratigraphic considerations taken into account in assembling the record have 
been discussed previously. Features of this record relevant to the present 
discussion include: 
(a) T.gigas deposits its shell carbonate in isotopic equilibrium with the 
dissolved bicarbonate (supporting evidence has been shown for modern samples -
see Fig. 3.4) and hence o13c values are an excellent palaeochemical indicator. 
(b) An almost regular pattern of 13c enrichment is observed in the 
interval between the last interglacial episode and the cold interstadials. 
This trend is interrupted next to the glacial maximum and the o13c values 
returned to previous interglacial levels (lower o13c) during the present 
interglacial. 
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. 13 (c) The maximum C enrichment registered between the present and glacial 
o13c levels is+ 0.84°/oo and the average enrichment during the cold intersta-
o dials IV, Illa, Illb and II is+ 0.74 /oo ± 0.08. 
13 (d) A strong correlation exists between the o C record and variation in 
climate (as determined by o18o measurements performed on the same T. gigas 
shells). Fig. 7.1 illustrates this point indicating a positive correlation 
13 18 . between the o C and o 0 values for the various climatic episodes during the 
past 140 kyr, with a correlation coefficient of 0.81. However, there are 
some possible complications which must be considered before the record can be 
accepted as truly reflecting the o13c evolution of EC02 in the surface-water 
reservoir. Firstly, water column o13c measurements in the coral-reef environ-
ment, taken through the diurnal cycle, indicate up to 1.8°/oo variations in 
the 13c; 12c rati'o of h d' 1 d · · b ( F' ) s dl t e isso ve inorganic car on see ig. 3.3 . econ y, 
13 o C seasonal curves for T. gigas growth bands indicate winter-summer varia-
tions related to coral-reef seasonal organic productivity, accounting for up 
to 0.5°/oo (see Figs. 3.6 & 5.4). Thus o13c in the coral-reef environment 
may differ from that of the surface ocean-water prior to circulation through 
the coral reef. 
In order to overcome these problems it is necessary to make two assump-
tions: 
(i) That during any one reef-building episode, the diurnal cycle is on 
average invariant with time. 
(ii) That at any time, the seasonal variability can be estimated from 
13 the short-term o C seasonal curves made available for each episode and can 
be averaged out by sampling across several growth bands. 
Assumption (i) might be tested in the near future when the ion probe 
becomes opcratlbnal (see Section 2.4). Assumption (ii) can be tested here. 
For example, the mean o13c composition of reef IV is 0.78°/oo heavier than the 
modern reef. The o13c seasonality curve for a T. gigas sample pertaining to 
this reef (Fig. 5.4.f) indicates that although the winter-summer seasonal 
contrast is similar to that of the present day ( 0.3°/oo), both winter and 
summer seasonal values are increased by equal amounts ( 0.7°/oo) relative to 
the respective modern values. 
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Figure 7.1 Oxygen and carbon isotopes relationship for the late Quaternary 
emerged coral reefs sequence in New Guinea. The environmental probe is 
T. gigas and each point represents the mean isotopic composition of a strati-
graphic unit (only reef crest facies). The bars are± lcr best estimate. 
Data from Table 5.4 was regressed using the cubic fit method of York (1969) 
without correlated errors. 
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The two sequences are plotted to the same scale of isotopic change from 
present levels, with a-values adjusted to yield best agreement for the modern 
sa~ples. The time scale correspondence, according to chronological and o18o 
peaks. Zero points are differing by 2.18°/oo, the present day difference 
T. gigas (New Guinea) - benthic Uvigerina (east Atlantic bottom ocean). 
it-
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It is concluded that o13c seasonal variability induced by local fluctua-
tions in productivity is superimposed on a general trend controlled by the 
o13c composition of the upper mixed-layer circulating through the coral reefs. 
If these assumptions hold, then the observed systematic variations in the o13c 
of T. gigas record variations in the o13c of surface ocean-water. 
Evaluating the marine palaeoindicators, however, apparent discrepancies 
are readily visible. Firstly, within the surface ocean reservoir, there are 
inconsistencies between the o13c records for coral reefs in New Guinea and 
planktonic foraminifera from deep-sea cores. Secondly, inconsistencies exist 
between the o13c. records representing the surface ocean reservoir and the deep 
ocean reservoir (benthic foraminifera). I will discuss the former first. 
Since T. gigas and planktonic foraminifera tests extract carbonate from 
the same source (the bicarbonate dissolved in the surface ocean reservoir), 
one would expect consistency in sign and magnitude of the recorded changes in 
o13c. Data from New Guinea, however, suggest a shift of+ 0.74°/oo, whereas 
planktonic data detect very little change (Shackleton, 1977; Berger and 
Killingley, 1977; Broecker, 1980). The apparent discrepancy must be understood 
in terms of complications in the interpretation of o13c data from foraminifera 
and the low reliability in using the o13c of foraminiferal calcite as a palaeo-
chemical indicator. Their o13c is neither in equilibrium with, nor generally 
equal to, dissolved bicarbonate o13c (Bender and Keigwin, 1979). The differ-
ences are ascribed to poorly understood "vital effects", the magnitude of which 
differs from species to species and from size fraction to size fraction of a 
given species (Erez, 1978). 
Planktonic foraminiferal o13c records are complicated by two additional 
factors. Firstly, vertical migration of planktonic foraminifera,induced by 
salinity and temperature changes in the ocean between climatic events, will 
blur the glacial-interglacial contrast. Secondly, the o13c "signal" is affected 
by differential dissolution pulses in a way analogous to o18o, a process which 
will reduce any real o13c contrast between climatic episodes (Berger and 
Killingley, 1977). 
The reason for the two factors above is tli.ut the 613c composition of 
dissolved inorganic carbon in the ocean has a characteristic "nutrient type" 
profile between the surface and the thermocline, thus surface water is relatively 
depleted in 12c whereas the water of the oxygen minimum is enriched (Kroopnick 
et al., 1977). Dissolution of the overall foraminifera population tends to 
first remove the light-weight fragile individuals living at the ocean surface 
which are isotopically heavier. Consequently, the surviving population is 
isotopically lighter. Viewed in this way, the o13c record from New Guinea 
although discontinuous, is superior to the planktonic foraminifera record 
and is more likely to reflect the real o13c changes in the surface ocean 
5 
reservoir during the past 10 years. 
The comparison between the carbon isotope record in New Guinea 
and the deep-sea benthic record is illustrated in Fig. 7.2. The two sequences 
are plotted on the same time-scale according to the chronological and oxygen 
isotope peaks previously matched between the reef-building e'pisodes in New 
Guinea and deep-sea core stages (see Chapter 5) and to the same scale of iso-
topic change from present levels. The zero points differ by 2.18°/oo, the 
present day difference T. gigas (New Guinea) - benthic Uvigerina (east Atlantic 
bottom ocean). The two records reach minimum contrast (present day 013c 
s'urface ocean - deep ocean -difference) during the last interglacial episode 
and an amplified contrast of 1.4°/oo late during the last ice-age (deep-sea 
cores stage 3). Despite their opposite sign, it is evident that the changes 
have a similar periodicity and are synchronous during most of the climatic 
episodes. They also indicate that the major changes took place over a 10 
to 20 kyr time period. 
13 The covariance in the long-term recorded cS C variations from a site in 
the west equatorial Pacific to a site in the tropical east Atlantic strengthen 
the view that the variations reflect water-mass chemistry changes rather than 
secondary local effects. 
(3) A palaeoindicator of atmospheric chemistry changes has been recently 
promulgated by Berner et al. (1979) and Delmas et al. (1980). They have anal-
ysed the air enclosed in deep ice-cores from the Greenland and Antarctic ice caps 
and the evidence indicates that the atmospheric co2 concentration during the 
last glaciation (20 kyr B. P.) could have been 50% of the present level. Their 
studies also suggest that the transition from low co2 to N2 ratios character-
izing late glacial time to the higher values during postglacial,occurred in a 
few thousand years. 
Because the time for chemical equilibration between pC02 in the mixed 
surface ocean and atmosphere is ~ 1 year (Broecker, 1980), and because both 
reservoirs were in contact for many thousands of years during the recorded 
changes, the above evidence implicitly suggests that the pC02 of the surficial 
-6 
ocean also had to be halved during the glacial (pC02 "" 150 x 10 atm) 
-6 
relative to present level (pC0 2 "" 300 x 10 atm). 
Constraints on possible causes of the global carbon changes between 
glacial and interglacial times. 
Various palaeoindicators previously described provide strong evidence for 
significan!: changes which took place in different compartments of the global 
carbon system during the climatic episodes of the last 105 years. Therefore, 
any lnterpretatlou will be deficient if it provides a reasonable solution 
to the observed variations in one part of the system,but fails to integrate 
the entire system. Viewed in this way, the observed changes are extremely 
important in defining the necessary boundary conditions forpossible interpret-
ations. 
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The disagreement in the sign and magnitude of the o13c glacial-interglacial 
shift between the data from New Guinea coral reefs and the planktonic foraminifera 
from low latitude deep-sea cores must be kept in mind during the evaluation of 
alternative causes of global carbon changes. The validity of the present approach, 
preferring the record from coral reefs to that of plank tonic foraminifera as 
representing the warm surface-water reservoir,is to be judged not only by its 
greater apparent reliability, but also by whether it is consistent with the 
sign and magnitude of chemical variations in other reservoirs, and by how likely 
it is to be integrated into a logical interpretation which satisfies the 
requirements imposed by all palaeochemical indicators. 
Large differences in th~ size of the various carbon reservoirs and the 
residence time characteristics of carbon compounds and nutrients in each 
reservoir impose further limitations on possible causes of the recorded changes. 
Firstly, as the deep water reservoir is roughly 60 times larger than the surface 
reservoir, its properties are close to the mean for the entire system. Secondly, 
as about 90% of the ocean-atmosphere carbon resides in the deep sea, the iso-
topic record for this reservoir should have the leading role in any interpret-
ation. Thirdly, the atmospheric as well as the marine palaeoindicators suggest 
that the transition from one state of the carbon system to another has occurred 
in just a few thousand years. Because the residence time of carbon in the 
5 . -
ocean is of the order of 2 x 10 years (Broecker, 1980) nonsteady-state pro-
cesses must be considered. 
7.3.1 Models accounting for the carbon isotope changes between glacial and 
interglacial. 
It was previously shown that changes in the ocean-atmosphere chemistry in 
the past 105 years were synchronous with climatic changes involving temperature 
fluctuations. Therefore, the effect of temperature will be examined first, 
13 
considering the surface ocean pC02 levels and then the o C compositon of the 
carbonates. 
According to CLIMAP (1976), during the last ice-age glacial maximum sea 
0 
surface temperature anomaly was 2.3 C cooler than today. The pC02 of surface 
-6 0 -1 
ocean falls about 12 x 10 atm. C , but, part of this reduction will 
be offset by the increase in ocean salinity (~ 1.1°/oo) caused by the growth 
-6 
of glaciers (pco2 increases by 16 x 10 atm - Broecker, 1980). The total 
change in the atmosphere-surface ocean pC02 as a result of cooling would be: ~pC02 = -12 x 10-6 x 2.3 + 16 x 10-6 = -12 x l0-6atm. Thus the effect of 
cooling falls far short of accounting for a 50% reduction in pC02 as observed 
-6 in ice cores (required ~pco2 ~ 150 x 10 atm.). 
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Nor are the observed temperature changes adequate to account for the 
variations in o13c records. Since this effect cannot be tested by the fora-
miniferal o13c composition because of kinetic isotope fractionation with the 
dissolved bicarbonate o13c, only the o13c record for T. gigas will be examined. 
The maximum cooling around New Guinea has been -5.6°c relative to present, mon-
itored by the oxygen isotopes during the regressive phase of Illa. The modern 
T . r 13c . . 2 28°/ d h d 0 d r 13 d . h • gigas u compos1ton 1s + • oo an t e pre 1cte u C ur1ng t e regres-
sion phase should be: o13c = +2.28 + (0.034 x -5.6) = +2.09°/oo (the sensitivity 
to temperature of carbon isotope equilibrium fractionation is 0.034°/ 0 c-l -
00 
Emrich et al., 1970). The observed o13c composition is +2.98°/oo, 0.9°/00 
difference between the predicted (temperature factor) and observed. On thermo-
dynamic considerations, therefore, the temperature variations are inadequate to 
13 
explain the observed variations in the o C record. 
Two hypotheses, have recently been suggested to explain the evidence from 
deep-sea cores that the glacial benthic foraminifera have on the average a 
0.7°/oo lower 13c content than that of the interglacial benthic foraminifera. 
Although the two hypotheses account for the isotopic shift, they differ widely 
in their concept and in the carbon reservoirs involved in the change. Whereas 
Shackleton (1977) invokPs a terrestrial origin for the 813c shift, Broecker 
(1980), following N. Niitsuma's idea, constructed a case in support of a shelf 
marine origin for the same isotopic shift. 
The mechanisms involved in each of the above hypotheses will be briefly 
summarized and an effort will be made here to test their consistency with the 
observed chemical variations in carbon reservoirs other than that of the deep 
ocean. Table 7.1 illustrates quantitatively the required transfer of carbon be-
tween various reservoirs in order to account for the glacial-interglacial isotopic 
~ 
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TABLE 7.1 
Two possible interpretations of evidence from deep-sea cores 
pointing to a -0.7°/
00 
shift in 613c for benthic foraminifera 
between interglacial and glacial episodes during the last 105 years 
Model 1. Terrestrial origin for the benthic o13c shift (Shackleton's Forest-
Soil hypothesis). 
Reservoir 
Carbon Mass 
x l0 17gc 
Mean o13c 
( 0 /oo) 
Ocean ) 
Atmospheref 
373 
6 } 379t< 
389.6 
+0.5 
-0.2 
189.5 
-77 .9 
Climatic Land Plant Biomass} 
events Soil "humus" 
I 8. 4} 12 20.4** 
G 9.8 
I -26.0 
G -26.7 
I -530.4 -341 
G -261. 7 -340 
379·0.5 + 20.4•(-26) = (379 + x)·(-0.2) + (20.4 - x)·(-26.7) 
17 16 
x = 10.6"10 gC ~ 9 x 10 moles C. 
Model 2. Shelf marine origin for the benthic o13 c shift. (Niitsuma-Broecker 
shelf sediment hypothesis). 
Reservoir 
Carbon Mass 
x 1017 gC 
Mean 613c 
( 0 /oo) 
a13c x Mass 
Ocean } 
Atmosphere 
+0.5 
-0.2 
189.5 
-78.11 
379* 
391.8 
379"0.5 + x(-21) = (379 + x)·-0.2 + O 
17 16 
x = 12.8"10 gC ~ 11"10 moles C. 
Note: I interglacial 
G glacial 
* Data from Broecker (1980) 
Climatic 
events 
I 
G 
I 
G 
I 
G 
** Data from Scholle and Arthur (1980) 
Excess Shelf Sediment 
12.8 
0 
-21 
-268.8 
0 
-79.3 
-78.4 
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shift in the benthic foraminifera. Shackleton has suggested that the variation 
is the result of cyclic changes in the size of the terrestrial plant biomass 
related to the glacial cycles. As summarized in Table 7.1, a reduction of 
48% in the carbon stored in the land plant biomass and soil during glacial 
time (~ 1018 g.C) and its transfer into the ocean via the atmosphere,would lower 
13 0 the o C composition for the ocean-atmosphere carbon reservoir by 0.7 /oo. In 
support of his interpretation, Shackleton postulates a reduction of up to two 
thirds of the present tropical forests during glacials as a result of intense 
aridit~ and a dramatic decrease of areas of present boreal forests which were 
either covered by ice or tundra during glacial time. 
With the onset of the postglacial epoch and the establishment of the 
interglacial conditions, the land plant biomass expanded again to the present 
size and pumped co2 out of the ocean via the atmosphere, as an essential pro-
cess to maintain a high level of photosynthetic activity. According to 
Shackleton (1977), the rapid transfer of co2 into and from the ocean(~ 1014 g 
per 103 years) provides an explanation for the pulses of carbonate dissolution 
in the equatorial oceans which occur at interglacial-glacial transitions, and 
for the carbonate preservation in the Atlantic Ocean in sediments deposited 
during the last glacial-interglacial transition. 
Contrary to a terrestrial origin, the Niitsuma-Broecker hyRothesis 
attempts to explain the results from benthic foraminifera as the result of the 
formation and destruction of a small reservoir of organic-rich shelf sediment 
caused by climatically induced, sea-level excursions. In this case, the amount 
of carbon transferred from shelf sediments to the ocean and back would be 1.3 
x 1018 gC (Table 7.1). This figure is higher than the one required by 
Shackleton's hypothesis because of the difference in 13c depletion between the 
terrestrial and marine organic carbon respectively. Broecker (1980) assumes 
that the sediments contained 3% organic carbon (by weight), hence~ 4 x 1019 g 
of sediments must have been moved to and from the shelves. The area of present 
l 1 b . 3 1017 2 . s 1e ves eing x cm , the sediment would have formed a layer 1. 5 m thick 
if spread tmiformly. 
The distinction between a terrestrial and a shelf origin for the o13c 
shift in benthic foraminifera is extremelyimportant for an understanding of 
the carbon system dynamics. This is a difficult task because the two mechan-
isms are based on postulated changes in the carbon reservoirs' sizes and not 
on documented evidence on the actual amount of carbon transferred between land 
and ocean or shelf and ocean. The validity of the models, however, can be 
tested indirectly by whether they have the built-in potential to predict the 
·~-1 i r<; ',- '''ill~1-i1· , ... 'iWPWU_.._.,'<; ·~· •PiJiR-Pf#'14¥ JM%?*' 1~ >"~!°".Pl'"~'-· ~T'="'"'· f '~· ff•' 
TABLE 7.2 
Predicted and observed ocean chemistry changes during the last 105 yr according to various models 
[LC02]mow [Po4Jmow [PO) I [LC02 J pC02 
-6 
xlO atm 
5l3c -ol3c 
1. Interglacial ocean chemistry (observed) 
(Modern ocean) 
2. Glacial ocean chemistry (predicted) 
(Shackleton's model) 
3. Glacial ocean chemistry (predicted) 
(Niitsuma - Broecker model) 
4. Interglacial pco2 observed in ice cores 
5. 
6. 
7. 
Glacial PC02 observed in ice cores 
. 13 13 Interglacial 8 CN G - o Cb h" (observed) 
13 . • ent ic Glacial o CN· G - o13cb h" (observed) 
. . ent ic 
8. Glacial ocean chemistry inferred from (7) and 
(3) 
µm/kg 
2250 
2450 
2484 
2484 
µm/kg 
2.2 0.00098 
2.2 0.00090 
3.2 0.00129 
4 0.00161 
300 
312 
225 
300 
150 
146 
wsw mow 
0 ( /oo) 
2 
1. 9 
2. 71 
2.2 
3.6 
3.6 
Note that wsw = warm surface water carbon reservoir; mow = mean ocean water represented by deep cold water car-
bon reservoir. The distinction according to Broecker's model ocean (Broecker, 1980). pC02 = co2 par-tial pressure in the surface sea water-atmosphere. 
(1) Data from Broecker (1980). 17 (2) Assuming a transfer of 10.6 x l0 17gc from land biota and soil to the ocean at the onset of glacial period. (3) Assuming a transfer of 12.8 x 10 gC from the shelf to the ocean at the onset of glacial period. Calcula-
tions according to the model developed by Broecker (1980). 
(4),(5) Values based on the co2 analyses of two deep Antarctic ice cores. (Delmas et al., 1980). (6),(7) Data from New Guinea coral reefs (this work) and benthic foraminifera (Shackleton, 1977). 
(8) Calculations performed assuming 1.4°/oo increase in the surface to deep ocean o13c difference during glacial 
relative to interglacial levels. See relevant equations in the text. 
N 
0 
w 
I 
r 
~--
~' 
magnitude of observed chemical variations in carbon reservoirs other than the 
deep ocean. This attempt is illustrated in Table 7.2, with the modern ocean 
chemistry as the starting point (line 1). The calculations were performed 
according to Broecker's model ocean (Hroecker, 1980). The discussion also 
relies on Broecker's modelling of the marine carbon and phosphorous cycles 
of these elements (Broecker, 1971). 
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and the interdependence of the cycles 
The mass of carbon in the ocean 
(Broecker, 1980). A transfer of 9 x 
16 
+ atmosphere system today is 316 x 10 moles 
1016 moles of organically-derived carbon 
from the land to the ocean + atmosphere system during glacial times according 
to Shackleton's hypothesis, would have increased the oceanic carbon by 2.8%.-
If the derived organic co2 were entirely compensated by Caco3 dissolution in 
the deep ocean, the carbon increase would have been doubled to ~ 5.6% or 
16 18 x 10 moles C. Taking the EC02 content of the present ocean to be 2250 
µm/kg, the predicted EC02 content of the glacial ocean according the Shackleton's 
334 x 10 16 hypothesis would be 2450 µm/kg (i.e. x 1.032 x 2250). The estimate 
316 x 10 16 
involves an additional increase in EC02 apart from the originally derived 
excess EC02 , resulting from the shrinkage of the glacial ocean (i.e. 3~;~ + 1 
~ 1.032). 
Similar calculations would predict a EC02 content of the glacial ocean 
equal to 2484 µm/kg according to the Niitsuma-Broecker hypothesis. Therefore, 
regarding the Eco2 oceanic content during glacials, the two hypotheses predict 
roughly the same increase in EC02 relative to interglacial levels. 
The point of significant divergence between the models is related to the 
predicted concentration of nutrients in the ocean such as [Po4], because the 
phosphorous content of the ocean would accompany shelf sediment deposition 
and removal but not expansion or shrinkage of forest and soil. 
The importance of the phosphorous cycle to the various chemical processes 
in the ocean has to be identified. The [P04J content of sea water is an 
excellent index of the extent to which carbon was gained during photosynthesis 
and lost through respiration. If the [Po4]content in the glacial ocean was 
higher than present (implicit in the marine shelf hypothesis), then the bio-
logical consumption of EC02 would have been amplified, thus lowering the 
pC02 of surface water. In addition, because the mean [P04] content of the sea 
controls, in general, the level of organic productivity of the upper ocean sur-
face, it also defines the difference between the o13c for warm surface water 
(wsw) and for deep ocean water, identified here with the mean ocean water (mow). 
-Therefore, to the extent to which the o13c record from coral reefs and the 
benthic record reflect chang~s in the warm surface water to mean oceanic 
differences in the o13c, they also reflect changes in the oceanic [P04 ] to 
LC02 ratio. 
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Since the atomic ratio of carbon to phosphorous in marine organic carbon 
is defined by the so-called Redfi~ld ratio (i.e. ~ 105 to 1), one can estimate 
16 . 15 that a shift of 11 x 10 moles C would then be accompanied by a shift of 10 
moles of P. By taking the present [P04 ] concentration an the ocean to be equal 
to 2.2 J.Jm/kg and that the glacial ocean has been reduced in volume by 3.2%, 
the glacial oceanic [Po4 J content is estimated to have averaged 3.2 µm/kg (line 
3). Viewed in this way, the Niitsuma-Broecker hypothesis predicts a 1.3 times 
increase in the ratio [P04 ] to [EC02 ] for the glacial ocean relative to inter-
glacial, whereas according to Shackleton's hypothesis no change (or a slight 
decrease) in the ratio would be predicted. Thus in the absence of a [Po4 J 
change in Shackleton's hypothesis, the glacial surface ocean-atmosphere pco2 
must have been slightly higher than that for the interglacial level (Table 7.2, 
line 2). However, the Niitsuma-Broecker hypothesis predicts a pco2 reduction 
of at least 25% relative to present levels, if the increase in the glacial 
ocean [Po4 ] content is taken into consideration (Table 7.2, line 3). The 
estimates are as follows (for details see Broecker, 1980): 
2-(i) A 3% increase in the EC02 content of sea water (co3 held constant) , 
ld ' CO b b 8 x 10-6 atm. wou increase p 2 y a out 
(ii) A 0.1 µm/kg increase in [Po4 J content would lower the pco2 by about 
10 x 10-6 atm. 
(iii) For each one Celsius-degree cooling of the surface ocean, the pco2 
would fall by about 10 x 10-6 atm. 
(iv) A 0.2°/oo increase in surface water salinity would involve a pco2 
fall of about 3 x lo-6 atm. 
The relationship between the carbon isotope ratio contrast in the ocean's 
two compartments and the phosphorous content is defined by the following 
equation (Broecker, 1980): 
(8.1) 
where: C/P ~ 105, in marine organic matter (Redfield ratio) 
£ ~ 20°/oo, the isotope fractionation during photosynthesis. 
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This equation predicts an isotope contrast between the surface and deep-ocean 
of 2.05°/oo using modern ocean parameters (line 1, table 7.2) which match almost 
exactly the observed difference (line 6, Table 7.2). The o13c contrast in the 
glacial ocean predicted from Shackleton's hypothesis would be similar to that of 
the present, whereas the Niitsuma-Broecker hypothesis predicts an increased 
0 
contrast of 0.7 /oo. 
The predicted glacial changes in ocean-atmosphere chemistry can now be 
tested against the observed variations. Firstly, the studies of dissolved 
gases trapped in deep ice cores suggest a 50% reduction of atmospheric pC02 
(and consequently of ocean surface pC02) during the glacial maximum, relative 13 to interglacial periods (lines 4,5, Table 7.2). Secondly, the o C record from 
coral reefs and benthic foraminifera taken together, indicate an increase of 
1.4°/oo in o13c contrast between the surface and deep-ocean during ice-age 
phases, relative to interglacials (lines 6,7, Table 7.2). 
Therefore, the palaeoindicators seem to support a mechanism for the 
observed perturbations of the carbon system within the ocean (Niitsuma - Broecker 
hypothesis) as against an extra-marine cause (the Shackleton hypothesis). 
Taking the point further and starting the estimates from the observed variations 
. ~13 ( ) d in u C contrast between T. gigas warm surface ocean an benthic Uvigerina 
(mean ocean water) in association with the 
reservoir of shelf sediment (line 8, Table 
interglacial o13c contrast would require a 
formation and destruction of a small 
0 7.2), a 1.4 /oo shift in glacial-
1.8 µm/kg [Po4] increase in the 
glacial ocean relative to present and consequently a ~ 50% reduction in surface 
ocean-atmosphere pC02 , matching exactly the observed ice-core values. 
A quantitative inconsistency, however, 
[Po4J level in the glacial ocean calculated 
is observed between the inferred 
as if o13c - o13c = 1.4°/oo 
wsw mow 
and the concentration predicted by the Niitsuma-Broecker hypothesis, leaving an 
excess 0.8 µm/kg or 11 x 10 14 moles [Po4] unexplained. More phosphorous than 
can be accounted for by destruction of shelf sediment is a problem, although 
in the present work it is noted that: 
(i) The accumulated error in the predicted [Po4] concentration is~ ±_20%. 
(ii) The age pattern of sedimentary phosphorites during the last 150,000 
. 230 234 . years estimated from Th/ U dating (Burnett and Veeh, 1977) suggests a 
correlation with eustatic high sea-level stands. This implies that conditions 
were more favourable for phosphorite genesis during glacials than during 
i,nterglacials. 
(iii) Large guano deposits of Pleistocene age are known on many islands 
in the Pacific. Although no exact dates are yet available from these deposits 
(H. Veeh is dating some at the present - personal communication), they could 
provide a supplementary source and sink for phosphorous during glacial-
interglacial changes. 
Since no estimates of the size of marine phosphorites and guano deposits 
formed during the last 150,000 years are known to the author, points (ii) and 
(iii) are left in the limits of speculation. 
The ultimate cause of the observed ocean-atmosphere chemical variations 
can be hased with some confidence on the following two arguments: 
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(a) Relative palaeosea-levels determined from the elevation of the late 
Quaternary coral reefs in New Guinea (the tectonic factor subtracted -
Chappell, 1974a; Bloom et al., 1974) are plotted against the o13c composition of 
T. gigas associated with the reefs in Fig. 7.3. An excellent correlation 
(r = 0.91) is observed between the two independently established parameters: 
h 1 h 1 1 h h · h ~ 13c · · k f t e ower t e sea- eve , t e eav1er are t e u compos1t1ons. I now o 
only one interpretation which can account for this correspondence, that is the 
formation and destruction of organic-rich shelf sediments caused by climatically 
induced sea-level excursions. The lower the sea-level, the more shelf sediment 
and associated organic matter is transferred to the ocean, thus increasing the 
oceanic LC02 and [P04] concentration and subsequently the extent to which carbon. R_,s>t :ou . ... t" 
is gained during photosynthesis at the surface and Iost through respiration 
and chemical oxidation in the deep ocean. 
13 This process in turn would amplify the o C contrast between the ocean 
f d d h . h 13 . h h f d h sur ace an eep ocean, en anc1ng t e C enr1c ment at t e sur ace an t e 
13
c·depletion at depth. A rise in sea-level would have the opposite effect. 
Hence only the shelf sediment hypothesis can explain the isotope data from 
the coral reefs in New Guinea and the synchronous but opposite sign of the 013c 
variations recorded by benthic forams on one hand, and T. gigas on the other. 
(b) Further qualitative arguments can be raised against a terrestrial 
origin for the o13c shift. Implicit in this model 
is the importance of tropical forests during the late Pleistocene to produce 
changes in the stored carbon of the magnitude required.' (Today more than 
half of the total terrestrial carbon is contained in the tropical forests -
Shackleton, 1977). Although palaeoecological evidence does support the 
postulated phases of aridity in the low latitudes and fluctuations in the size 
of tropical forests, synchronous with glaciations at northern high latitudes 
(Rognon and Williams, 1977; Hope and Hope, 1976; Colinvaux, 1979), it can be 
argued that: 
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(i) Areas in the tropics left vacant by the climatically induced r~duc­
tion in the size of the forests were next occupied by indigenous extremely 
dense tropical grass (Walker, 1978). The grasses' use of co2 in tl1e vital bio-
logical functions is not substantially lower than trees and provides an excellent 
shelter for the soil, preventing its oxidation (Lemon, 1977). 
(ii) The Southeast Asian tropical land was significantly increased by 
the glacio-eustatic lowering of sea-level and the reconstructions of Nix and 
Kalma (1972) suggest that this excess area was covered by woodland. 
7.4 Lead-lag phenomena and the chronology of ocean chemistry changes 
It is important to establish not only thepossible cause of the observed 
ocean chemistry changes but also the sequence of events which led to these 
changes and their interrelation with the climatic variations. The relevance 
of this information need not be stressed . The effect of atmospheric C02 
. variations on the Earth's heat balance has been discussed by many (reviewed 
by Kellogg, 1979) and the possibility that such variations might have caused 
ice ages has been considered seriously by some (see Section 6.2). Therefore, 
the search for lead-lag phenomena between palaeoindicators of climatic 
changes on the one hand, and palaeoindicators of ocean-atmosphere chemistry 
changes on the other is important, particularly if taken from the same site. 
The record from New Guinea is particularly appropriate to determine whether 
the chronology, sign and magnitude of ice-volume changes (from dated coral 
reefs and palaeosea-level data), temperature fluctuations (from 0180 measure-
ments) and shelf organic carbon variations (from 8 13c measurements) are 
internally consistent. The climatic palaeoindicators for the last 105 years 
have been interpreted elsewhere. (see Chapters 5,6) and the discussion will be 
iimited to their inferred interaction with the o13c record. The following 
observations emerge from this study (sec Fig. 5.2): 
(l') T f' t ' ' ..l' 18o ,\' 13 d 1 1 h o a irs approximation, u , u C an sea- eve c anges are 
synchronous, thus no questions regarding correlation exist. 
(ii) A detailed study in the time-transgressive domain of the palaeoind-
icators reveal however several inconsistencies and lead-lag phenomena which 
probably bear on the mutual relation between the climate system .and 
carbon reservoirs and their characteristic response time to forcing mechanisms. 
. 13 18 First order lead-lag is observed between 8 C and 8 0 changes. Second 
209 
order lead-lag is observed between ~ 18o and 813c with sea-level 
(reciprocal of ice volumes). This will be clarified by the following 
examples: 
Firstly, during the last interglacial episode, the o18o record registered 
a significant cooling around 120 kyr relative to the early interglacial phase 
at 133 kyr. Since no changes in o13c are observed across the last interglacial, 
one can argue that temperature-induced o18o variation did not affect the carbon 
system or otherwise o13c lagged behind the o18o change. 
Secondly, a significant positive shift in o13c relative to interglacial 
level occurred next to a major sea-level fall during the early Wisconsinan 
glaciation at ~ 115 kyr. Following this event, the temperature (monitored 
by o18o composition) returned to the previous interglacial level, at least at 
low latitudes (reefs VI and V), whereas o13c values remained affected by the 
lower sea-level recorded during the warm interglacials. 
Thirdly, following the major glaciation centered at 72 kyr, o18o, o13c 
and sea-level responded synchronously and from the data it is not possible to 
distinguish any lead-lag, although we note that there are significant differ-
ences in the magnitude of change. 
Fourthly, a swing in sign that follows the glaciation maximum centered at 
18 kyr and a trend of return to previous interglacial levels are evident from 
all the palaeoindicators. A clear case of lead-lag, however, is observed dur-
18 13 . ing the mid-Holocene, with both o 0 and o C lagging behind sea-level changes 
(second order above). From the available data (which is discontinuous), the 
duration of the lag cannot be precisely defined (the upper limit being 7000 
18 13 . 
years). However, it can be noted that the o 0 as well as the o C composi-
tions have returned to the previous interglacial values during the present 
climatic episode. This brief review reveals the complexity of the interrela-
tion between the climatic system and the carbon system reflected by the 
palaeoindicators. 
It is argued here that the following evidence is provided by the coral-
reef record: 
(1) The pattern during the last interglacial episode suggests that 
climatic change preceded variations in the carbon system. 
( 2) S · · f · h · 13c · · b d 1 1gn1 1cant c anges 1n o composition are o serve on y next to 
a major sea-level oscillation, reinforcing the support previously advocated 
for an organic-rich marine shelf sediment as a source and sink of carbon. 
13 (3) The intervals of major o C changes from the interglacial level are 
identified as between 117-105 kyr. and 85-60 kyr., and these are synchronous 
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with the ones recognized in the benthic record (Fig. 7.2). This evidence does 
not support Broecker's argument for a single major change at about 70 kyr. 
(Broecker, 1980). 
(4) Lower surface ocean-atmosphere pC02 during the interstadials at 
105 kyr. and 85 kyr. (inferred from 13c enrichment in the c13c record) did not 
prevent temperatures (inferred from the c18o record) returning to the warm 
interglacial level, at least at low latitudes. The geological record indicates 
therefore that a lower atmospheric co2 does not necessarily imply global cooling 
as suggested by some climate modelling (Kellog, 1979), and unspecified climatic 
parameters would probably completely mask the effect of co2. 
(5) The observed lag between the c13c record and sea-level during the 
mid-Holocene is not substantiated by evidence from the benthic c13c record and 
the co2 analyses of ice-cores. However, it may he noted that the resolution in 
the record from New Guinea is far superior to the deep-sea records and future 
analyses in more detailed sequences may support this view. Assuming that a 
regional or local effect is not involved, the lag may indicate the response 
time required by the biomass in the surface ocean to readjust to lower levels 
of [Po4J and ~co2 , caused by the restoration of an organic-rich sediment 
laye.r on the newly submerged continental shelves. However, the lag may also 
indicate a time-dependent exponential decrease in the capacity of the shelves 
to accumulate sediment. 
i 
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CHAPTER 8 
SUMMARY 
8.1 General conclusions of this study 
The lower coral-reef complexes in the Huon Peninsula, New Guinea, 
provide relatively closely spaced "stratigraphic windows" into the past 105 
years, occurring at least once every 20,000 years and on several occasions 
much more frequently. The modern and ancient coral reef environments are 
isotopically monitored by Tridacna gigas (the giant clam) which is associated 
with the coral reefs in this particular region of the globe. Since the giant 
clams deposit their aragonitic exoskeleton in near isotopic equilibrium with 
the ambient sea water, their isotopic compositions facilitate a close examin-
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f. ation of the temperature regime and the .oxygen and carbon isotope systems in the 
nearshore marine environment during intervals of reef-building episodes related 
to high stands of sea-level. Moreover, the giant clams having marked skeletal 
growth bands, offer high-resolution isotope data which allow investigation of 
seasonal variations in modern and past marine environments. 
The coral reef sequence from the Huon Peninsula offers unusually attractive 
circumstances for studying problems of local, regional, and global palaeo-
climatic significance. The distinct advantages over many other contemporary 
records include an exact knowledge of the timing of the climatic events (by 
radiometric dating), a high resolution stratigraphy (due to a relatively high 
rate of coral-reef growth) , ice volume signal (inferred from sea-level data) 
18 16 
and ocean surface temperature ( 0/ 0 thermometer) taken from the same site by 
two physically independent methods, and short term climatic variability from 
t each climatic episode present in the sequence (18o;16o, 13c;12c seasonal data). 
Although most of the T.gigas samples probe the culmination of high sea-level 
stands, on several occasions the sampling was able to penetrate further into 
the transitional phases, i.e. in between a glacial build-up episode and a 
reef-building episode. Notwithstanding that the detailed stratigraphy of each 
2 . 3 
reef complex gives a satisfactory time-resolution of 10 to 10 years, thls 
advantage is offset by the discontinuous occurrence of the reefs. 
The reconstructed oxygen and carbon isotope records from the uplifted 
fossil reefs in New Guinea illustrate the dynamic response of the near 
equatorial marine environment to global climatic events. To the first 
approximation, o18o and o13c records change synchronously in a broad 
positive correlation with the palaeosea-level; the lower the sea-level, 
18 13 . the higher the enrichment in 0 and C isotopes. The distinct positive 
correlation between 0180 and 013c records implies a coupling between the 
sea water carbon cycle and sea-level (or climate) itself. The recorded 
0 180 variations between reef units can be attributed to 0180 shifts in 
the oceanic isotope composition induced by fluctuations in size of the 
continental ice caps, as well as to oceanic temperature fluctuations. 
Since excess ice volumes are established by an independent line of 
evidence (i.e. stratigraphic sea-level data), the temperature signal can 
18 be extracted from the 6 0 record. Implicit in this method is the 
assumption that the sea-level estimates (the tectonic factor subtracted) 
are closely accordant with actual ocean water volume, and non glacio-
eustatic components (e.g. hydroisostatic factors) are minimal in the 
record from New Guinea. This view is supported by the excellent agreement 
of sea-level estimates from New Guinea with contemporary estimates from 
other late Pleistocene marine deposits throughout the world (e.g. Barbados, 
Ryukyu, Timar). 
Sea water temperatures in the eastern New Guinea region were similar 
to or slightly warmer than present during the last interglacial interval 
133-117 kyr, although a rapid temperature fluctuation of 2°C is recorded 
at 120 kyr (reef VIIb barrier). During the early interval of the last 
ice age (105-85 kyr), most of the recorded 0180 fluctuations are attributed 
to ice yolume variations at high latitudes. The proportional importance 
f h . . 1 . 1801 160 . d l" d . h 1 f h o t is signa in ratios ec ines uring t e ate stages o t e 
last ice age, and is partly replaced by the isotopic effect of a significant 
18 16 temperature 'cooling at low latitudes. Hence, the 0/ 0 ratios enable 
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the separation of the interstadials at low latitudes into two distinct 
groups: the warm interstadials (reefs VI and V at 105 and 85 kyr 
respectively) which appear similar to the present environmental conditions, 
and the cold interstadials (reefs IV, III, II at 60, 53 to 37 and 28.5 kyr 
respectively) in which relatively high 0180 levels indicate ocean climate 
distinctly cooler than the present or the last interglacial episode. An 
ocean temperature cooling of ~3°c below present is indicated between the 
early warm interstadials and the mid to late cold interstadials culminations. 
Relatively rapid fluctuations in the average annual temperatures are recorded 
between 53 to 37 kyr with a maximum cooling of ~6°c below present. Mid-
18 0 Holocene (8 to 6.5 kyr) 6 0 values indicate a cooler ocean, 2 C below 
present. 
The magnitude of surface ocean temperature fluctuations conflict with 
the palaeotemperature data obtained from deep-sea cores in the west 
equatorial Pacific, but support the inferred cooling at sea-level necessary 
to explain the contemporary lowering by ~1100 m of the snow and tree line in 
:C'.· 
I pr 
~" 
~-
the New Guinea Highlands. It is suggested that deep-sea core records from 
the west equatorial Pacific underestimate the palaeoclimatic amplitudes 
and smooth those climatic events with a period of 104 years or less. 
However, deep-sea cores are excellent long-term palaeoclimatic records on 
5 6 
the 10 to 10 years time-scale. 
The palaeoclimatic information extracted from the late Quaternary 
coral reef sequence in New Guinea was used to establish whether the various 
5 
climatic changes which have occurred in the last 10 years were synchronous 
in time and space, or whether there were leads and lags in the components 
of the climate system. This approach has allowed a critical evaluation 
of various theories and models of ice ages, and their particular requirements 
were objectively verified in the palaeoclimatic record from New Guinea. 
The coupling of o18o measurements with palaeosea-level data proved to be 
an excellent tool in following the thermal variations at high latitudes 
(indirectly inferred from sea-level data) and in low southern latitudes 
(directly recorded by o18o data). 
The timing, frequency and intensity of major climatic events, indicated 
by the radiometric ages of the reef sequence, correspond to the predictions 
of the Milankovitch astronomical theory of ice ages. However, recorded 
intensity of climatic changes cannot be equated directly with predicted 
magnitudes of insolation changes, because of solar-terrestrial connections 
in the climate system. Terrestrial energy reservoirs (i.e. cryosphere-
ocean-atmosphere) are important. This assertion is supported by documented 
temporal divergences between the sea-level variations and oxygen isotope 
data which indicate: 
(1) 
(2) 
(3) 
(4) 
That the trigger which initiated the growth of continental ice 
sheets in the northern hemisphere 120 kyr ago, was probably an 
Antarctic ice-surge. 
That in the early stages of the last ice age, the cooling of the 
ocean surface at low latitudes lagged significantly behind 
glaciation at high northern latitudes. 
That the initial warm period was followed by global cooling 
affecting both high and low latitude oceans. 
That in the early postglacial stages (early to mid-Holocene) the 
complete warming of the ocean lagged significantly behind the 
disappearance of the ice sheets. 
Events 2~3,4, outlined above can be attributed to interactive 
processes between the thermal characteristics of the ocean and changes 
in the albedo. These processes lead to a negative feedback relationship 
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between excess polar ice volumes and their nourishment caused by 
variations of ocean surface temperatures. The evidence presented here 
is consistent with Adam' (1973, 1975) energy requirements of an ice age, 
implying time-dependent variations in the energy gradients between the 
ocean and the ice caps. A strong energy gradient develops between the 
continental ice sheets embryos and the warm oceans during the initial 
stages of glaciation. The supply of energy from the oceans entangles the 
transfer of moisture necessary to nourish and maintain Northern Hemisphere 
ice sheets. Subsequent decline of ocean surface temperatures diminishes 
the initial energy gradient to the ice sheets, and glaciation finally 
terminates when the oceans cool to the point that they cannot supply 
enough snow to maintain the ice caps. Implicit in Adam's model (op.cit.) 
is the requirement for a time lag between melting of the ice and rewarming 
of the oceans, otherwise complete deglaciation would not occur. 
High-resolution climatic variability data indicate that the 
atmosphere-ocean coupling in the western Pacific low latitude area was 
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not isolated from secular global climatic fluctuations. Apart from pointing 
to the early last interglacial stage (133 kyr) as probably the wettest 
period, seasonal isotope data suggest significant alterations in the 
oceanic and atmospheric circulation during the late ice-age stages, implied 
by reduced seasonality. It is also inferred from seasonal o13c measurements 
that during growth of reef III and I the coral reef systems at the latitude 
of New Guinea had increased seasonal levels of organic productivity, 
possibly related to the longer sunshine hours during drier than present 
Austral summers. 
H h ·1 bl · · 'd · d' h · o13c 1 owever, t e ava1 a e 1sotop1c ev1 ence 1n 1cates t at seasona 
variability induced by local fluctuations in organic productivity is 
· d 1 d 11 d b h cS 13c · · f h superimpose on a genera tren contrQ e y t e composition o t e 
oceanic mixed-layer circulating through the coral reef. It appears that 
13 the recorded cS C changes in the coral reefs from New Guinea are consistent 
with the phase and magnitude of chemical variations in carbon reservoirs 
other than surface ocean which took place in the last 105 years, and can 
be successfully integrated into a logical interpretation. It is also 
argued that the o13c record for planktonic foraminifera is blurred and 
13 
the real changes in the surface ocean reservoir are documented by the cS C 
record for T.gigas associated with the raised coral reefs in New Guinea. 
To the extent to which the o13c record from coral reefs and the benthic 
record reflect changes in the warm surface water to mean oceanic differences 
13 in cS C, they also reflect changes in the oceanic [P04] to Eco2 ratio. 
' ' ~ 
Since o13c difference between the two records varied from 2.2°/ 
00 
contrast 
during interglacials to an amplified contrast of 3.6°/ during the last 
00 
ice age, it is shown that the [Po4] to Ec02 ratio must have increased. 
These arguments associated with quantitative estimates lead to the 
conclusion that only the formation and destruction of a reservoir of 
organic-rich shelf sediment caused by climatically induced sea-level 
excursions, satisfy the requirements imposed by all the existing palaeo-
chemical indicators. The alternative hypothesis of a terrestrial origin 
for the recorded perturbations is therefore discarded. Detailed 
observations in the time-transgressive domain identify the periods of 
major perturbations in the carbon system next to a significant fluctuation 
in sea-level, i.e. between 117-105 kyr, 85-60 kyr and 28-7 kyr. Evidence 
documented by the record from the coral reefs suggests that climatic 
change preceded variations in the carbon system, and indicates that lower 
atmospheric co 2 content not necessarily implicates global cooling, at 
least during the early stages of an ice age. From this data, however, 
it cannot be established if further reduction in atmospheric ~0 2 during 
the late ice-age stages had a significant effect on the degree of cooling, 
although Broecker (1980) suggests that it does. 
The problem of local and regional dynamics as compared to global 
responses emerges strongly from the New Guinea coral reef record. The 
task of tying the climatic evolution of the low and high latitudes on the 
one hand and the two hemispheres on the other hand into a consistent 
global frame has yet to be achieved. Hence, it seems appropriate to 
conclude this thesis by suggesting.future work and its relationship to 
the studies presented here. 
8.2 Aspects of geochemical studies in coral. reefs that are subject 
to future research and verification 
Probing the past through oxygen and carbon isotope analyses of reef 
material showing annual layering (e.g. Tridacna) has been shown as one of 
the most stimulating techniques contributing to Quaternary studies·. One 
prospect, p~1rticul.arly lntcrcsling ln the context of coral reefs ls 
reconstruction of detailed histories of environmental factors such as 
temperature and salinity, and of community factors such as organic 
productivity. 
This study shows that the two geochemical parame~ers considered here, 
18o;16o and 13c; 12 c ratios are influenced by many more than two factors. 
Hence, unambiguous interpretation requires knowledge of how the oxygen 
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and carbon isotope ratios vary in-relation to the local system (illustrated 
by the growth band study of Tridacna), as well as independent information 
about certain of the external factors. For example, global ice volume 
18 16 . 
which affects all oceanic 0/ 0 ratios, can be allowed for indirectly 
through sea-level studies from the same coral reef sequence. More 
generally, the links between environmental perturbations in the modern 
coral-reef environment and the isotopic composition of contemporary reef 
material have to be established on a more detailed level and with less 
ambiguity than given in this study. The logical succession of stages 
should be firstly a detailed characterization of the modern environment 
within one site (i.e. monthly level), and secondly the analyses of reef 
material (e.g. Tridacna, corals) from widely separated reef sites, to 
18 16 . 
ensure that any local effects ( 0/ 0 ratio variations in the ambient 
d . ff 13C/12C . . . sea water ue to evaporation or to run-o ; ratio variations 
due to reef metabolism functions) are identified. Other geochemical 
parameters such as trace element substitutions for calcium in the reef 
material carbonate need_ further development. Strontium levels, for 
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example, have shown to be temperature-related in corals (Smith et al., 1979). 
Since corals have the potential to provide useful environmental 
variability information on time-scales longer than Tridacna, stable isotope 
investigations using large corals as environmental monitors should be 
pursued, allowing for species and site dependency of oxygen and carbon 
isotope variability. Whilst the difficulties illustrated in Fig. 3.4 
have appeared inimical to palaeothermometry in corals, they are vital 
data of a different kind (e.g. metabolic processes), the environmental 
meaning of which may well be resolved by parallel growth-band studies of 
corals and Tridacna samples from the same reef sites. This approach will 
be particularly appropriate to study problems involving man-made environ-
mental perturbations. For example, 13c;12c ratio analyses of the seasonal 
bands in modern Tridacna and corals sampled from the same site, can be 
used to search for the fossil fuel effect in surface ocean water. 
Reconstruction of oxygen and carbon isotope records at a level of 
detail much higher than given in this study, is necessary for a better 
understanding of the past climates at low latitudes, aspects of which can 
be very fruitfully pursued in the tropical Pacific area. Two climatic 
intervals, the last interglacial and the Holocene for which significant 
departures from other palaeoclimatic records were detected in the coral-
reef sequence from New Guinea, have to be investigated in more detail and 
with a broader spatial network. For such research, the context of a flight 
of similar, dated terraces provides an ideal testing ground (e.g. 
Timor-Atauro; New Hebrides; Solomon Islands). The Great Barrier Reef 
of Australia where a high-resolution Holocene reef stratigraphy is 
available, is' one of the most promising sites for a detailed investigation 
of the post-glacial climate. On the other hand, in order to test whether 
there are similarities between the last ice-age cycle and the previous 
ones, the stable isotope investigations should be continued on the middle 
complex of terraces (reefs VIII to XII) on the Huon Peninsula. A pilot 
group of well preserved T.gigas specimens from the middle complex were 
sampled during this study. There are grounds to believe that results 
which will emerge from extended ana~ses of the higher and older reefs 
will be just as stimulating. For this future research, an equally 
necessary companion is better age definition of the terraces by radio-
metric dating (e.g. He/U dating method in corals). 
I conclude this thesis with the observation that the geochemical 
studies presented here show that evidence bearing on many interesting 
palaeoclimatic and palaeoenvironmental questions stands out clearly in 
the uplifted coral reef sequence from the northeast Huon Peninsula, New 
Guinea. The results of this study can be interestingly applied to other 
sites in the tropical Pacific area, therefore broadening the regional 
and global extent of the coral-reef palaeoclimatic record. 
Zl/ 
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PLATE I 
Two aerial views of the uplifted lower coral reef terraces on 
the Huon Peninsula, New Guinea. Variations in altitude of reef 
complex III and VII indicate the differential tectonic uplift of 
the terraces on different segments of the coast. 
A: Oblique low-angle aerial photograph of the lower terraces on 
Kanzarua section, in the southeast corner of the study area. 
The altitude of reef Illa crest and VII crest on this section 
is 90 m and 330 m respectively. 
B: Aerial view of the lower terraces looking northwest along the 
coastline, in the middle of the study area (Sialum section). 
The altitude of reef Illa crest and VIIb crest on this section 
is 42 m and 215 m respectively. 

219 
A: 
PLATE II 
Geological characteristics of the terraced area. 
Oblique low-angle aerial view of the lower coral reef terraces 
on the Sialum section. Note the excellent preservation of the 
individual units on this section. 
B: Ground photograph of the barrier reef VI lb, ra<liometrically 
dated at 120 kyr, and the fossil lagoon behind. View to the 
northwest on the Sialum section. 
C: Frontal view of the coral reef complex IX radiometrically dated 
at 220-250 kyr, inland from Sialum village. 
D: Frontal view of the coral reef complexes XI and XII, inland 
from Sialum village. The terraces are elevated to 543 m and 
600 m above sea-level, respectively. The age of 340 kyr for 
terrace XII is inferred from the linear extrapolation of radio-
metric ages for VIIb-IXa, and by assuming a constant rate of 
uplift on the section (Dunkerley, 1976). Note the more heavily 
dissected nature of the higher terraces and the abundance of 
vegetation cover. 
E: The Kalasa Fault Zone, defining the front of the Cromwell 
Ranges which rise behind the terraced coastal tract (v. Fig. 1.4). 
The base of the range here is 520 m above sea-level, and the 
crest is 2,000 m. 
F~ View across a "field" of phytokarst-type outcrops on terrace 
VI in the NW of the study area, Gagar Anununai section. 
I 
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PLATE III 
Molluscs and corals that preserve their growth orientation, 
associated with the raised coral reef terraces. 
A: Tridacna gigas attached to the reef limestone, 6 m below VIIb 
crest. 
B: Tridacna gigas on a vertical outcrop cut into a gully in reef 
IXa crest. 
C: Micro-atoll on reef XII crest. 
I 
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A: 
PLATE IV 
Aspects of mass spectrometry and co2-extraction techniques. 
Gas-handling plant on the modified MS-12. 
lower: matched molecular flow inlet system. 
upper: two pairs of stainless-steel inlet valves. 
B: Source, magnet and Faraday-cup devices on the mass spectrometer. 
C: Various electronic components of the modified MS-12. Apart 
from the magnet control-unit (middle), all other original 
components were replaced or modified. 
D: The roasting system which consists of a furnace and a quartz 
tube evacuated by the vacuum system on the extraction line. 
Biogenic carbonates were roasted at 400°c for half an hour, 
prior to co2 extraction. 
E: 
F: 
Reaction vessels attached to the vacuum extraction line. 
Sample tubes used to collect the purified co2 at the end of 
the extraction. Behind the tubes note the pair of 5-litre 
glass cylinders used to store the working reference co2 
standard. 

222 
A: 
PLATE V 
Modern coral reef environments of the northeast Huon Peninsula. 
Aerial view looking to the southeast of the barrier reef-lagoon 
complex at Sialum (v. Figs. 2.2 and 2.3). 
Note the linear chain of small islands truncated by erosion 
(6000 yr. reef I) which constitute the modern geomorphic 
barrier at Sialum. The modern reef grows mainly inside the 
lagoon, behind the barrier. 
B: Shore platform and typical fringing reef, Cape King William 
(v. Fig. 2.1). 
1 
l 
l 
1 
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A: 
PLATE VI 
Shell structure and growth banding of Tridacna. 
The left valve of a medium size modern Tridacna gigas (the, 
giant killer clam) from the Huon reefs (sample K-133). 
Dorsal view. 
B: The right valve of a medium size modern Tridacna squamosa 
(the fluted giant clam) from the Huon reefs (sample K-137). 
Dorsal view. Note the characteristic sculpture of projecting, 
broad, leaf-like scales which distinguish this species from 
the other Tridacna species. 
C: Photomacrographs of thin transverse sections from the T.gigas 
K-133 (transmitted light, negative print). 
D: 
upper: External prismatic layers. 
lower: Internal laminated layers. 
Note the distinction between high-density (dark) macrobands 
which are deposited during the Austral winter and low-density 
(light) macrobands deposited during the Austral summer (see 
text). A sequence of two years is shown in the photograph. 
Photomicrograph of the thin section shown in C-lower, under 
transmitted light, crossed nicols. The alternating dark 
and white microbands cluster in groups of 14, suggesting that 
they are daily growth increments probably related to the 
tidal rhythm. Note the optical continuity of the fine, 
subparallel aragonite fibres, perpendicular to growth lines. 
E: High resolution photomicrograph (crossed nicols) of a pair 
of daily growth lines. 
material. 
The dark lines are rich in organic 
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A: 
PLATE VII 
Elements of reef-facies geometries on the coral reef terraces. 
Exposure of reef I crest facies in a near vertical cliff, 1.2 
km southeast of Kanzarua. Note the abundance of shallow-water 
corals in growth orientation. 
B: Close-up of the central part of the exposure shown in A. Note 
th~ high porosity of the superimposed reef structure. 
C: Frontal view of the narrow fringing-reef terraces IV, V, and 
VI on the Sialum section. Note the wave-cut notches on the 
front reefs that resemble the modern sea-cliff. 
D: Oblique low-angle view of a fringing reef (reef VI) and the 
barrier reef VIIb above it on the Sialum section. Note the 
E: 
distinct characteristics of a fringing-reef type terrace as 
contrasted to those of a barrier reef. The narrow fringing-
reef crest descends steeply into the reef front and forereef 
sediment and the reef facies dip seawards. The barrier reef 
is built upwards and the internal facies dip landwards (v. 
Fig. 4. 4). 
Lateral view of the barrier reef VIIb on the Gagar Anununai 
section, indicating strong upward growth. 
F: Patch reefs developed inside the lagoon VIIb on the Gagar 
An:ununai section. Reef VIIa is apparently missing on this 
section and the lagoon is bordered landwards by a terrace 
correlative to reef VIII on other sections to the southeast. 
.··.~ 
·~ 
1 
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PLATE VIII 
Seasonal growth-banding in Tridacna gigas associated with the 
uplifted coral reefs. Photomacrographs taken under transmitted light 
(negative print) from thin transverse sections of the internal 
laminated layers. The light bands were deposited during the 
Austral summer whereas the dark bands were deposited during the 
Austral winter. Note the excellent preservation of the aragonitic 
material. 
A: T.gigas K-8, from reef IV crest dated at 60 kyr (y. Fig. 
5.4f for the stable isotope record). 
B: T.gigas K-90, from reef VIIa crest dated at 133 kyr (y. 
Fig. 5.4b for the stable isotope record). 
C: T.gigas K-38, from reef VIII crest dated at 180 kyr. 
D: T.gigas K-5~ from reef IXb crest dated at 220 kyr. 
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APPENDIX A 
Description of working standards used during this study. 
Two working standards, NGS and PRM were prepared for 18o;16o and 
13c/12 c . d . . d . h. d ratio eterminations uring t is stu y, and their characteristics 
are briefly outlined in the following paragraphs. They have been calibrated 
against the international standards TKL and NBS-20 and cross-checked at the 
Institute of Nuclear Sciences, New Zealan4 by Dr. P. Blattner. 
Table A-1 tabulates the isotopic values of the working standards on 
the PDB scale. 
Table A-1 
Isotopic Values of the Working Standards Used at A.N.U. 
Standard 0180 0/ 013c o1 Fraction PDB oo PDB oo 
size 
NGS 
-0.91+0.03 +2.66+0.03 75-180 
* (n=l8) µm 
PRM -16.19+0.04 +1.10+0 .03 75-180 
* (n=4) µm 
* Number of analyses performed against international standards. 
(1) Description of Standards 
NGS (New Guinea Standard). 
Mineralogy 
Aragonite 
(CaC0 3) 
Calcite 
(CaC0 3) 
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The original material is ~ kg of internal layers from a Tridacna gigas (the 
giant clam) sampled on the emerged coral reef VIIb dated at 120,000 years BP, 
0 0 0 0 from the northeast Huon Peninsula, New Guinea (6 lat. S, 147 35'long. E). 
The sample was crushed to 75-180 µm size and thoroughly mixed. In two years 
it proved a very reliable standard. 
PRM (Peddy's River Marble). 
The marble is located 20 km west of Canberra, Australia. This is an extremely 
pure metamorphosed limestone of middle Silurian age. 
(2) The Use of Standards 
Using NGS as the isotopic reference standard, the following equations are 
employed in order to convert the isotopic values onto the PDB scale (after 
making the appropriate instrumental corrections): 
I 
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13 8 CPDB(x) = 1.070• 8(45) - 0.034• 8(46) + 2.66 
(for single-, double-, and triple-collector mass spectrometer). 
18 13 8 OPDB(x) = D.999• 8(46) + 0.009• 8 CPDB(x) - 0.91 
(for double-collector mass spectrometer). 
18 8 OPDB(x) = 1.001• 8(46) - 0.91 
(for single- and triple- collector mass spectrometer). 
Where: 
8(45) 
8(46) 
mass ratio 45/44 measured on the mass spectrometer. 
mass ratio 46/45+44 measured on a double-collector 
mass spectrometer or 46/44 on a single or triple 
collector mass spectrometer. 
the isotopic ratio of the unknown sample on the 
PDB scale. 
I 
1 
l 
APPENDIX B 
Statistical evaluation of stable isotope data. 
Although statistical treatment of analytical data is often reported 
in the stable isotope literature, it seems that various terms are used in 
a loosely interchangeable sense, not always to the benefit of the reader 
interested to know the degree of confidence related to the interpretation 
of these results. 
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For example, most reports give appropriate statements on the statistical 
errors related to the analytical method in the laboratory, which is highly 
precise in many laboratories. However, the "natural noise" in the environment 
and the related isotopic variability might be significantly higher than the 
quoted analytical erro~ and this type of uncertainty is often lacking from 
stable isotope interpretations. Therefore, it is considered appropriate 
to outline briefly here the types of error involved in the reconstructed 
J 8 13 6- 0 and o C records for the coral reef complexes in New Guinea and the 
handling of data from small population estimates. The discussion is based 
primarily on the statistical concepts outlined by Wood (1959) and Walpole 
(1974). 
The following sources of variation are appropriate to the stable isotope 
data reported in this work: 
(1) Experimental Random Error. 
This is related to the analytical methods used for stable isotope 
analyses which comprise several interrelated steps: 
(a) 
(b) 
sample preparation and powder extraction; 
powder roasting; 
(c) co2 extraction; and 
(d) mass spectrometry. 
Based on multiple successive analyses performed on the internal standard. 
NGS (see Chapter 1), the overall reproducibility of the above stages is +0.1~ 
- 00 
(la) and of this 0.05°/ is contributed by the mass spectrometry procedure. . 
00 . 
(2) Experimental Systematic Error. 
It is customary to report stable isotope compositions applicable to 
palaeoclimate studies relative to the PDB standard. However, this standard 
no longer exists and other interrelated secondary standards which are normally 
referred to the PDB scale are in present use. Because this scale also provides 
I 
1 
l 
l 
a means of comparing isotopic results obtained from different laboratories, 
it is important to estimate the accuracy of the isotopic determinations. 
This statistical parameter was estimated as follows. 
Firstly, the measurements of the standard calcite pair distributed 
0 18 0 by Blattner and Hulston (1978) gave 23.30 / for 6 0 and 2.11 / for 
13 oo 00 
6 C, in complete accordance with the mean values obtained from pooling 19 
different stable isotope laboratories in the world (6 180 =23.24+0.17°/ ; 13 0 mean - oo A c =2.03+0.10 I ). 
mean - oo 
Secondly, further improvement in the accuracy of the Tridacna isotope 
analyses was facilitated by employing a working reference standard NGS (for 
New Guinea Standard) which was intercallbrate<l with the lNS laboratory in 
New Zealand and which is very close in isotopic composition to most of the 
18 0 13 0 
analysed samples (o OPDB= -0.91 I 
00
; o CPDB= +2.66 I 
00
). Hence the 
experimental systematic errors are negligible relative to the experimental 
random errors. 
(3) Errors Inherent in the Method of Sampling. 
One source of error rather difficult to evaluate is the field method 
of sampling which is often biased by factors related to limitations imposed 
by field conditions. 
For example, segments of the reef covered by high "kunai" (the tall 
indigenous grass in New Guinea) could not be surveyed; areas intensively 
disturbed by faulting were avoided. The number of samples each weighing 
20-50 kg that a person can carry is naturally limited, etc. The second 
source of error is related to the isotopic variability within the shell 
material. It was shown previously that Tridacna deposits daily growth-bands 
which comprise the distinct seasonal layers. It was also established that 
0 
the isotopic seasonal variability for modern samples amounts to 0.6 / for 
18 0 13 ° 0 o 0 and 0.4 / for o C, hence yearly average isotope values for Tridacna 
oo 
shell material inherit these natural variations in the ambient water. 
In order to define the isotopic variability for any reef population, 
allowing both for errors of type (1) and (3), a pooled variance is 
calculated for all Tridacna samples associated with the 7 reef complexes and 
the pooled standard error best estimate of a Tridacna individual is obtained 
as follows: 
(a) The variance of the mean value for a reef unit is calculated by 
squaring its standard error. 
(b) The "sum of squares" is obtained by multiplying the variance by 
the degree of freedom. 
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I 
. 
1 
.;,j 
..... 
1 
l 
(c) The "sums of squares" are now pooled and divided by the total 
degrees of freedom to obtain the pooled variance. 
2 2 2 
a2 
pooled = 
(n1-l)a1 + (n2-l)a2 + ... (ni-l)ai 
(n1-l) + (n2-l) + ... (ni-1) 
n 
i 
a 
number of Tridacna observations per reef unit. 
number of reef units. 
standard error of Tridacna population per individual reef 
unit. 
(d) The square root of the pooled variance represents the standard error 
best estimate for an individual Tridacna. 
(e) The pooled standard error best estimate of reef population is now 
calculated by dividing the best single estimate by the square root 
of reef population estimate. 
a 
x 
a pooled 
in 
Using 70 isotopically analysed Tridacna, the pooled standard error best 
estimate for a Tridacna individual is +0.17°/ for o18o and +0.26°/ for 
- 00 - oo 
o13c, and of this 0.10°/ is contributed by the total experimental procedure. 
00 
The estimated overall errors are those which determine the confidence limits 
230 
one places on the oxygen isotope palaeothermometry. Hence the standard 
error best estimate of reef populations indicated in Table 5.2 also defines 
the estimated error of the yearly average ocean temperature for a given reef-
building episode. Since the sensitivity of the oxygen isotope thermometer 
0 0 -1 
calibrated from Tridacna is 0.23 I IC (see equation 3.7), one can estimate 
00 
that palaeotemperatures are known to better than +0.7°c for reef units probed 
by a single Tridacna sample whereas for reef units probed by multiple samples 
(which are the majority), the palaeotemperatures are known to better than 
+o.2°c. 
I 
l 
l 
l 
\ 
APPENDIX C 
Explanatory notes 
Detailed description and stable isotope data for samples collected from 
the lower coral reef terraces (modern to Vlla reefs) on Huon Peninsula, New 
Guinea, are given in Table C-1. 
The analytical precision of isotope measurements (no. of determinations 
0 
as indicated in Table) is better than ± 0.1 /oo. Any single determination 
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includes separate extraction and mass spectrometry. Samples with code prefix 
"J" were collected by John Chappell. The Tridacna specimens are identified 
on the species level whereas other molluscs are identified on the genus level. 
* Sample locations on sections according to Figs. 4.1 and 4.2a,b and c. 
G - Gagar Anununai; K- Kanzarua; S - Sialum; T - Gitua; Z - Sazum. 
# Sample locations on reef according to field observations. The reef crest 
of each stratigraphic unit is used as datum level. 
** Mineralogy determined by XRD method. A - Aragonite; C - Calcite. 
I 
' 
" 
+s.s.a. - Spot seasonal isotope analyses performed on Tridacna's growth bands. 1 
TABLE C-1 
Coral Reef Unit Sample Sample location Location relative to Sample Mineral- :-;o. of 18 
& accepted age Code on sections* reef facies geometries description ogy;,;, determinations 
0 OPDB 
( 0 /oo) 
Reef 0 
Modern 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
K-133 
J-1 
J-101 
K-137 
K-138 
K-139 
K-144 
K-145 
K-146 
K-148 
L-1 
L-14 
L-15 
L-2 
L-3 
L-7 
L-8 
L-4 
L,.-17 
L-11 
fl~ t W°' ... ""'""""'""'""""~''~''':......t~-·· 
G 
s 
s 
s 
s 
s 
s 
s 
s 
s 
T 
s 
s 
s 
s 
T 
T 
T 
s 
s 
Fringing reef crest 
Lagoon reef 
Fringing reef flat 
Lagoon reef 
Lagoon reef 
Lagoon reef 
Fringing reef crest 
Lagoon reef 
II 
II 
II 
II II 
II 
... ·..,.~··' 
T. gigas 
(species) 
T. gigas 
T. gigas 
T. squamosa 
T. squamosa 
T. squamosa 
T. squamosa 
T. squamosa 
T. maxima 
T. maxima 
Arca (genus) 
Arca 
Arca 
Turbo 
Turbo 
Turbo 
. Turbo 
Callista 11 
Callista 11 
Strombus 11 
ill;.; .... 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
'i"MrtC 75 1:WL 
6 
4 
2 
4 
3 
3 
" 
3 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
-1. 74 
-1. 82 
-1. 39 
-1.71 
-1.50 
-1. 61 
-1. 39 
-1. 37 
-1. 88 
-1.95 
-0.98 
-1. 95 
-1. 57 
-1. 77 
-1. 79 
-2.01 
-2. 12 
-3 .18 
-2.81 
-2 .19 
...-., 
13 
o . CPDB 
('.l /oo) 
+2.28 
+2.69 
+2.67 
+2 .12 
+2.31 
+1.82 
+2.23 
+2.27 
+2.36 
+2.03 
+1.93 
+1.54 
+1.46 
+2.61 
+2.86 
+2.64 
+2.27 
+o.12 
+1.49 
+2.32 
Corrunents 
Living recent, 1977. 
Living recent, 1972. 
14 Dead recent; C age 
yr. B.P. 
Dead recent; 
Dead recent. 
Dead recent. 
Dead recent. 
Dead recent. 
Dead recent. 
Dead recent. 
s.s.a. 
Living recent. 
Dead recent. 
Living recent. 
Living recent, 
Dead recent. 
Dead recent. 
Dead recent. 
Dead recent. 
Dead recent. 
Dead recent. 
+ 
!:'!d.millli.~1\•i 
+ s.s.a. 
530±40 
... 
N 
-W 
N 
Coral Reef Unit Sample Sa-:iple location Location relative to 
& accepted age Code on sections* reef facies geometries 
Reef 0 L-5 T Lagoon reef 
0 L-13 s " " 
0 L-6 T " " 
0 L-10 s " " 
0 L-9 T II " 
0 L-16 s " " 
0 L-12 s " " 
8-6.5 kyr B.P. 
Reef I K-3 s Fringing reef crest 
I K-134 s " " " 
I K-135 s " " " 
I K-136 s " " " 
I K-140 s 3-4 m below crest 
I K-1 s 1.5 m " " 
I L-18 s 1.5 m " " 
I L-23 s 3 m " " 
I L-29 K Landward backreef 
I L-30 K " " 
I L-19 s 1.5 m below crest 
I L-20 s 1.5 m " " 
I L-21 s 1.5 m II II 
ir1.. t ~-··.L......:..,~ oi. .... 1,.,.,1 ...... ;:J11i1,.~._ I • .,,'r .. 1. 
TABLE C-1 (continued) 
Sample Mineral- No. of 
description ogy** detennina tions 
Con us A 2 
Con us A 2 
Cyphraea A 2 
Cyphraea A 2 
Dosinia A 2 
Dosinia A 2 
Spondylus A 2 
T. gigas A 2 
" " A 4 
" " A 2 
" " A 2 
" " A 2 
T. squamosa A 3 
Cyphraea A 2 
" A 2 
II A 2 
II A 2 
Turbo A 2 
" A 2 
" A 2 
di,;:, ... , • .., .•. , O' WW10 
18 
o OPDB 
( 0 /oo) 
-1.85 
-1. 60 
-2.46 
-2.01 
-2 .17 
-2.46 
-1. 25 
-0.78 
-1.06 
-1.15 
-1.09 
-0.88 
-1.01 
-1.40 
-1.38 
-1.19 
-1. 52 
-1.50 
-1.60 
-1.55 
. ... :. 
13 5 CPDB Comments 
(
0 /oo) 
+2.53 Living recent, 1977. 
+2.09 Living recent, 1977. 
+l. 54 Dead recent. 
+-0.89 Living recent, 1977. 
+3 .28 Dead recent. 
+2.39 Dead recent. 
+1.23 Dead recent. 
+2.82 + 
+2.84 s.s.a. 14c age = 6,625~100 yr B.P. 
+2. 75 s.s.a.+ 
+2.80 
+2.62 
1 4 ~ C age= 6,670~100 yr B.P. 
+2.67 
+1.05 
+l. 74 
+2.12 
+2.57 
+2.89 
+2.63 
+2.92 
~' !! l Jlilltl; ~: 1i:, .d 
N 
w 
w 
Coral Reef Unit Sample Sample location Location relative to 
& accepted age Code on sec tions1• reef f acies geometries 
I L-24 s 3 m below crest 
I L-25 s 3 m II II 
I L-26 s 3 m II II 
I L-28 s 3 m II II 
I L-32 K Landward backreef 
I L-31 K II II 
I L-22 s 3 m below crest 
I L-27 s 3 m " II 
I K-140F s same as K-140 
9 kyr B.P. 
Emerged lagoon K-32/1 K 5 m below surf ace 
K-32/2 K 5 m II " 
K-32/3 K 5 m " " 
K-33 K 3.5 ffi II II 
K-35 K 4.5 ffi II " 
II 
" K-34 K 2 m II II 
28-31 kyr B.P. 
Reef I I J-156 s lagoon flat 
.<:i.-.l.~· ....... ;,i,,,,;,,,,.....,4..,,,_,H~·I .. ,._:.Ii'~ .~ 
TABLE C-1 (continued) 
Sample Hineral- No. of 
description oov** o, de terminations 
Turbo A 2 
II A 2 
" A 2 
II A 2 
II A 2 
Trochus A 2 
Dosinia A 2 
Voluta A 2 
Unconsolidated 30% high MgC 1 
bioclastic sed- 40% low MgC 
iment 30% A 
Neritina (genus) A 1 
Coxiella II A 1 
Platiopsis " A 1 
Stenomelania " Low MgC 1 
Neritina " A 1 
Carbonate con- Low MgC 1 
cretions 
T. gigas A 4 
~.11.i ...... .lliild'Pt 'P !:W' 
0180 
PDB 
( 0 I oo) 
-1. 39 
-1. 63 
-1.60 
-1. 51 
-1. 73 
-1. 43 
-1. 97 
-1. 39 
-3.53 
-5.63 
-8.48 
-8.61 
-6.26 
-4.45 
-2.49 
-0.56 
<llM . 
lJ 
o . CPDB Comments 
( 0 /oo) 
+2.78 
+3.07 
+2.34 
+2.75 
+2.90 
+2.73 
+1.38 
+0.82 
+l. 12 Sediment infilling dissolution 
voids in K-140 
-10.88 Sample represents 20 specimens 
!;; cm size each. 
-9.21 
-6.42 
-4 .12 
-9. 71 Sample represents 10 specimens 
-0.98 rounded concretions in a 50 cm 
thick layer of sandy carbonate 
+3.12 14 C age= 29.3±0.8 kyr B.P. 
;:'!1'1-.1i*1 h "<!iililt' 
N 
w 
.i::-
Coral Reef Unit Sample Sa=?lE: location 
& accepted age Code on sections"'" 
51-43 kyr B.P. 
Reef Illa K-7 
-
II Ia K~30 K 
Illa K-30R K 
II Ia K-6 s 
42-37 kyr B.P. 
Reef IIIb K-9 s 
IIIb J-40 s 
IIIb J-41 s 
IIIb J-575 s 
IIIb J-35 K 
IIIb K-29 K 
60 kyr B.P. 
Reef IV K-8 s 
IV J-60 s 
IV J-61 s 
IV J-62 s 
IV J-63 s 
IV J-64 s 
-""-'M.l..-"'~~,;" .. ~~·I 
TABLE C-1 (continued) 
Location relative to Samo le Mineral- No. of 18 o OPDB 
reef facies geometries description ogyi'* determinations ( 0 /oo) 
crest T. gigas A 3 -0. 77 
" " " A 3 0.0 
" Calcarenite Low MgC 1 -7.14 
lmst. 
on regressional slope T. gigas A 3 +o.11 
7-10 m below crest 
crest T. gig as A 3 -0.78 
" 
15 m below crest, " " A 3 -0.44 
regressional slope 
" " " 
fl A 3 -0.17 
cut-platform at rear " " A 3 -0.81 
crest 
crest " II A 3 +0.15 
" " " A 3 -0.19 
crest T. gigas A 3 -0. 70 
" " " A 3 -0.59 
" " " A 3 -0.43 
" " " A 3 -1.00 
" " " A 3 -0.68 
" " " A 3 -0.60 
.· .... d,,,.., , filll"tt71 m 1'W' .. ,,....;, 
o13c 
PDB Comments 
( 0 /oo) 
+3.01 + s.s.a. 
+2.88 Broken valves 
+o.88 Reef limestone, substrat to 
sample K-30 
+3.06 s. s.a. + 
+2.46 + s.s.a. 
+3.66 
+2.66 
+3.43 Broken valves 
+2.73 
+2.65 Broken valv"s 
+2.80 + s.s.a. 
+2.94 
+3.05 
+3.66 
+2.98 
+2.90 
1:' id,lllilifi~ ji, 
N 
w 
Vt 
Coral Reef Unit Sample Sa.--::ple location 
& accepted age Code on sec tiOns'" 
90-85 kyr B.P. 
Reef v K-14 s 
v K-15 s 
v K-16 s 
v J-80 s 
v J-81 s 
v J-82 s 
v J-83 s 
v K-12 s 
v K-12R s 
v K-45 G 
v K-45R G 
v J-583 s 
v K-4R K 
110-105 kyr B.P. 
Reef VI K-17 s 
VI K-46 ·c 
VI K-46S G 
VI K-26 G 
ki-·L.,. • ..,..i;.J..i .... M111<......~~•»~~-I 
TABLE C-1 (continued) 
Location relative to Sample Mineral- No. of 
reef facies geometries description ogy** determinations 
crest T. gig as A 2 
II II II A 2 
" 
II 
" A 2 
" " 
II A 3 
" 
II II A 2 
II II II A 2 
II 
" " A 2 
{wave-cut regressive II " A 2 
bench 20 m below crest Calcilutite Low Mg.C. 1 
lmst. 
{reef front, 2 m below T. gigas A 3 
crest Bioclastic Low Mg.C. 1 
lms t. 
transgressive phase, T. gigas A 2 
25 m below crest 
errosional terrace Bioclastic Low Mg.C. 1 
lms t. 
crest T. gigas A 4 
{15 m landward from " " A 4 
crest Sparry calcite Low Mg.C. 1 
transgressive phase T. gig as A 3 
~ 25 m below crest 
" 'If<' ~ a ... "'"· , t•h!ee St 20 
1
'W·. 
18 
cS OPDB 
( 0 /oo) 
-1.17 
-1. 35 
-1.10 
-1.71 
-1. 30 
-1. 49 
-1. 23 
-1.05 
-7.31 
-0.14 
-8.14 
-0. 79 
-0.56 
-1.50 
-1. 37 
-7.45 
-1.00 
.... 
13 
cS CPDB Comments 
(0/09) 
+2.59 + s. s.a. 
+2.61 
+2.53 
+2.64 
+2. 77 
+3.27 
+2.74 
+3.03 
-0. 75 
+3.02 
-3.44 
+3.23 
-0.07 Sample located on a large 
overhang 
+2.81 + s.s.a. 
+2.65 
+1.92 partly replacing K-46 internal 
layers. 
+2.76 
1;' ~! i .llllli.&o ~ Ii, 
N 
w 
a-
TABLE C-1 (continued) 
Coral Reef Unit Sample Sarnp~e location Location relative to Sample Mineral- No. of 
& accepted age Code on sections* reef facies g·eome.tries description ogy** determinations 
Reef VI 
VI 
117 kyr B.P. 
J-105 
J-106 
Reef VIIb lagoon K-126 
VIIb 
VIIb 
VIIb 
VIIb 
VIIb 
VIIb 
VIIb 
VIIb 
VIIb 
120 kyr B.P. 
K-126S 
K-127· 
K-128 
K-129 
K-1298 
K-18 
K-2.+ 
K-42 
K-!+2A 
Reef VIIb barrier K-19 
VIIb 
VIIb 
VIIb 
VIIb 
VIIb 
VIIb 
Vllb 
VIIb 
K-130 
K-131 
K-131S 
K-132 
K-39 
K-391 
K-40 
K-47 
tl,...,,t ....... ~---.~~, •• ~~--! 
s 
s 
s 
s 
s 
s 
s 
s 
s 
G 
G 
G 
s 
s 
s 
s 
s 
G 
G 
G 
G 
uncertain 
lagoon depression 
lagoon depression 
patch reef, 3 m below 
crest 
barrier backreef, 7 m 
below crest 
crest 
4 m below crest 
4 m 
4 m 
5 m 
5 m 
2 m 
3 m 
' ", *' ., ~ 
T. gigas 
T. gigas 
A 
A 
A 
Sparry calcite Low Mc.C. 
T. gigas 
llioclastic 
sediment 
T. gigas 
Micritic cal-
cite 
T. gigas 
A 
A 
A 
Low Mg.C. 
A 
A 
A 
Low Mg.C. 
A 
A 
A 
Sparry calcite Low Mg.C. 
T. gigas 
T. gigas 
Micritic cal-
cite 
T. gigas 
11.J: Jl.i:~ 
A 
A 
Low Hg.C. 
A 
A 
•••tr 2 'W: 
2 
2 
4 
2 
2 
2 
2 
4 
4 
2 
2 
3 
3 
18 
o OPDB 
( 0 /oo) 
-1.01 
-0. 72 
-1. 38 
-5.30 
-1.72 
-1. 57 
-1.38 
-8.98 
-1.49 
-1. 31 
-1.41 
-8.47 
-0.98 
-1. 22 
-1. 21 
-5.71 
-1.12 
-1.08 
-8.98 
-1.08 
-1.23 
... 
13 
o C?JB 
(0 /:)) 
+2. "7l+ 
+2.9.+ 
+2. 79 
+2.20 
+2.31 
+z • .:.2 
+2.61 
-2.83 
+2 • .:.6 
+2. :s 
+2.95 
-0.6.:0 
+2. 62 
+2.67 
+2 • .:.3 
+2. 15 
+2.'-1 
+l. s.:. 
+2.62 
+2.15 
+2.33 
Comments 
bori:-:.g: pit rims 
infilling boring pits in shell 
material 
... 
s.s.a. 
Micri:ic calcite partly repla-
cing external layers. 
+ 
s. s. a. 
partly replacing K-131 inter-
nal layers. 
+ 
s.s.a. 
infilling voids in shell mater-
ial 
+ 
s .s .a. 
.;;'i!laili:ii~ii; ·M 
N 
w 
-..J 
Coral Reef Unit Sample Sample location 
& accepted age Code on sections* 
---
144-133 kyr B.P. 
Reef VIIa K-96 s 
VII a K-96R s 
VII a K-95 s 
VII a K-94 s 
VII a K-93 s 
VII a K-93R s 
VIIa K-92 s 
VII a K-92R s 
VII a K-91 s 
VII a K-91A s 
VII a K-91C s 
VII a K-90 s 
VIIa K-125 s 
VII a K-1255 s 
VII a K-52 z 
VII a K-53 z 
t" ... · t ~ ,,,. .. .i......w .. _;~, .. .w.....t~_.j 
TABLE C-1 (continued) 
Location relative to Sample Mineral- No. of 18 o OPDB 
reef f acies geometries description ogyi'* determinations ( 0 /oo) 
3 m below crest T. gig as A 2 -1. 83 
3 m II II Bioclastic Low Mg.C. 1 -8.35 
lmst. 
1 m II II T. gig as A 2 -1. 56 
crest II II A 2 -1. 88 
II II II A 2 -1. so 
II Micritic cal- Low Hg.C. 1 -7.95 
cite 
II T. gig as A 2 -1.64 
II Calcarenite Low Mg.C. 1 -7 .98 
lmst. 
II T. gig as A 3 -1. 74 
II Micritic cal- Low Mg.C. 1 -7.54 
cite 
II II II Low Mg.C. 1 -7.93 
II T. gigas A 2 -1. 67 
reef flat II II A 2 -1.53 
" 
II Sparry calcite Low Mg.C. 1 -6.50 
transgressive phase, T. gig as A 4 -0.80 
~ 60 m below crest 
transgressive phase, II II A 3 -1. 24 
~ 40 m below crest 
... · .. ' ~ il;:.k , • .,. rr n ·w·,. .-..: 
613c 
PDB Comments 
( 0 /oo) 
+2.45 
-5.25 substrat rock to K-96 
+ 2.54 
+2.25 + s.s.a. 
+2.53 
-3.91 infilling voids in shell 
material 
+2.61 
-3.03 substrat rock to K-92 
+2.51 
-5.02 infilling algal boring pits 
in shell material 
-0.36 recrystallized c0ral 
+2.50 + s. s.a. 
+2.38 
-0.20 partly replacing K-125 internal 
layers. 
+2.66 + s.s.a. 
+2.32 
i;'j1\Jlili:ii~ ~' .... 
N 
w 
00 
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APPENDIX D 
Explanatory notes 
Oxygen and carbon isotope seasonal data for modern and fossil T. gigas 
growth increments are tabulated in Table D-1. The isotopic compositions are 
discussed and interpreted in Chapters 3 and 5 and selected isotope curves are 
plotted in Figs. 3.6 and 5.4. All isotope results are given in per mil. 
Line 1. 
Line 2. 
Line 6. 
Line 7. 
Line 8. 
Line 9. 
Line 10. 
Line 11. 
Reef complexes in New Guinea and their age estimate according to 
Tabl~ 5.2. 
Reef facies according to Figs. 4.3 a,b,c. 
C - crest; R - regressive phase; T - transgressive phase. 
Maximum 180 depletion in the summer bands. 
Minimum 180 depletion in the summer bands. 
Maximum 180 depletion in the winter bands. 
Minimum 180 depletion in the winter bands. 
Maximum 0180 seasonality. 
Minimum 0180 seasonality. 
Lines 12, 13, 15, 16. Mean summer and winter isotopic compositions averaging 
multiple seasonal bands (numbers as given) with the standard error 
of bands population (la). 
Line 14.. Mean o18o seasonality. 
Line 17. Mean o13c seasonality. 
I 
1. Reef complexes in New GuinC'a 
J. ~snmple code 
4. No. of seasonal bands analysed 
6. ~ 1110
8 
(mnx.) 
7, 6 180
9 
(min.) 
8. 6 18ow(max.) 
. 18 
9. 6 Ow(mln.) 
10, f\<', 18o "' <'i!HO <rnln.J-<'i!lifl (111.p•, I 
m11x. w n 
12. 618o
9
(average) 
lJ. 6lf\.,<averagc) 
It.. Ml80 .. 0180..,-01soR 
15. 013c
5
(average) 
16. o1\w(average) 
17. M 13c-o 13cw-r'i 13cs 
1. Keef c-nmpl1•xc•!! ln N('W C11llll'il 
2. Reef fade!'! 
J. ~sample code 
4. No. of SC'asnnal h;m<ls .ma\vo.;<'<l 
5. No. of ls<Jtopt' (ktcrm\11,lt !<'11" 
6. 6lfl0
3
(max.) 
7. 6 180
9 
(min.) 
8. 018ow(max.) 
9. 6180..,(mtn.) 
10. M 18omax ."' 0
18
ow (min. )-f, 18os (max,) 
11. l::.6180min. •61~) w (max.)-!~ I BO s (min 
12. n 18o
3 
(average) 
13. 6 18ow (average) 
14. M 180•& 18o.., -6 18oR 
15. o 11cs (.iverngc) 
H1. 6 13c..,(average) 
11. l::.6 13c-o 13c..., -6 1 \ 5 
fABLE D-1 
Modern lIIb Illa IV 
K-133 K-l 13F. K-lliliE K-138 K-135 K-9 K-6 K-7 K-8 
11 1) 25 II 
" 
14 
" 
11 10 )) 
" 
12 IR 
-\,72 -1.71.J -!.flrt -l. 111 -1.1·, -1,)!I -·1.2') -0,:72 -0. 7'J 
-1.28 -1. 38 -l. l, 3 -1. 35 -0.90 -0.80 -0.60 -0.12 -0.62 -0.62 
-1. 32 -l .42 -1. 27 -1.11 -0.96 -0.97 -0.6] -0.02 -0. JO -0.6B 
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1. 
AMENDMENTS 
line 1. For'"' equal flow rates' read 'comparable flow rates'. 
line 17. For 'Temperatures and pH measurements were made in 
situ' read 'Temperatures and pH measurements were carried out 
in the field'. 
line 36. For 'Intermittent uplift' read 'Intermittent emer-
gence'. 
line 11. For 'For this reason, burning of fossil fuel, which 
h~s altered COz levels in the atmosphere, has a detectable 
effect on 
13
c;
12
c ratios in the different reservoir compartments I 
in Figure 3.2 and the organisms living therein (Broecker et al., 
1979) .' read 'For this reason, burning of fossil fuel, which has 
altered COz levels in the atmcsphere, also effect the 13c;12c 
ratios in the different reservoir compartments in Figure 3.2 and 
the organisms living therein. Notwithstanding, the net isotopic 
effect of the secular increase of the fossil fuel C02 is as yet 
difficult to disentangle from the environmental "noise" carried 
by the isotopic probes (e.g~ tree rings) - see Broecker et al. 
(1979) •I• 
line 3. For 'Keeling (1961) measured the carbon isotopic 
composition of co2 for the marine atmosphere in the East Pacific 
13 0 at a minimum µCOz of 314 ppm and reported a o C value of -7.1 I .' 
00 
read 'Keeling (1961) measured the carbon isotopic composition of 
C02 for the marine atmosphere in the East Pacific at a minimum 
13 0 µC0 2 of 310 ppm and reported a o C value of -6. 98 I The 
00 0 ' latter becomes -7.1 I after correction for nitrous oxide (Craig 00 
and Keeling, 1963) and the fossil fuel effect for 1977 (Keeling 
et al. , 1980) . ' • 
line 13. For 'VIIa, outcroping behind the lagoon at Sialum' 
read 'VIIa reef, outcropping behind the lagoon VIIb at Sialum'. 
figure caption. For 'Reef complexes from areas remote from 
plate boundaries such as mid-oceanic volcanic islands and 
continental margins' read 'Reef complexes from areas remote 
from plate boundaries such as mid-oceanic volcanic islands and 
continental margins, and non-subsiding atolls'. 
t 
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Page 144 
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Page 178 
Page 194 
Page 205 
Page 206 
Page 207 
References 
13 line 28. For 'However, the o C data are smoother and lack 
the relatively higher frequency osciliations shown by o18o 
13 data' read 'However, the o C data are smoother and lack the 
apparent oscillations shown by o18o data'. 
line 3. For 'as greater than 3m/1000 years' read 'as greater 
than 3m/1000 years, with an upper limit of 5-7 m/1000 years 
(e.g. Johnson and Andrews, 1979)'. 
line 3. For 'an upper limit of the maximum cooling around New 
Guinea' read 'a minimum estimate for the temperature fall 
around New Guinea'. 
line 7. For 'five well defined stages' read 'five stages'. 
line 16. For 'but not in the sea-level data' read 'but not 
with the same amplitude in the sea-level data'. 
line 32. Delete 'see Section 2.4'. 
line 5. For 'organic carbon' read 'organic matter'. 
line 35. For 'during glacials than during interglacials' read 
'during interglacials than during glacials'. 
line 20. For 'is gained during photosynthesis at the surface 
and lost through respiration' read 'is removed during photo-
synthesis at the surface and returned through respiration'. 
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